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Zusammenfassung Die Auswirkungen von Mineralstaub auf das Erdsystem sind
vielfältig und umfassen Landdegradierung, Wechselwirkungen mit dem Strahlungshaushalt
sowie gesundheitliche und wirtschaftliche Folgen für den Menschen. Die meisten Staubquellen
befinden sich in ariden und semi-ariden Gebieten. Darüber hinaus ist es allerdings schwer,
allgemeingültige Aussagen zu den Eigenschaften dieser Staubquellen zu treffen. Ein Quelltyp,
der in den letzten Jahren mehr und mehr an Aufmerksamkeit gewonnen hat, sind alluviale
Sedimente. Diese Sedimente bilden sich unter dem Einfluss von Oberflächenabfluss und liefern
eine große Anzahl an feinkörnigemMaterial, das sich zur Staubemission eignet. Alluviale Land-
schaftsformen sind verbreitet in Wüstenregionen. Sie sind jedoch häufig kleinskalig, denkt man
zum Beispiel an ephemere Flusstäler oder Schwämmfächer. Daher und trotz ihrer wichtigen
Rolle für den Staubexport, werden diese Landschaftsformen in der Staubmodellierung häufig
unterschätzt oder komplett vernachlässigt.
Im Rahmen dieser Arbeit wird die Aktivität alluvialer Staubquellen auf räumlicher und zeit-
licher Ebene untersucht und für ein Staub-Emissions-Modell parameterisiert. Hierfür wird
eine Methode entwickelt, mit der unter Nutzung zweier Satellitenprodukte alluviale Sedimente
automatisch detektiert werden können. Diese Produkte umfassen (1) optische Fernerkundungs-
daten im sichtbaren sowie nahen und mittleren Infrarot-Bereich basierend auf Messungen der
Sentinel-2- oder MODIS-Satelliten und (2) HydroSHEDS Abflussakkumulationsdaten basier-
end auf Radarmessungen. Durch die Kombination dieser beiden Datensätze wird eine Karte
der alluvialen Sedimente (AFM) erstellt. In der Arbeit wird dieser Ansatz für zwei Unter-
suchungsgebiete angewandt, wovon sich eines entlang des Aïr Gebirges in der Zentralsahara,
das andere in Westnamibia befindet. Im namibischen Untersuchungsgebiet wird außerdem eine
weitere hydrologisch beeinflusste Staubquelle untersucht: die Etosha-Pfanne. Die Staubakti-
vität der Etosha-Pfanne unterliegt starken saisonalen Schwankungen, hervorgerufen durch re-
gelmäßige Flutungen der Pfanne. Diese Überschwemmungsereignisse werden im Staubmodell
durch eine Wassermaske repräsentiert, die auf MODIS-Satellitendaten basiert.
In der Zentralsahara werden die simulierten Staubemissionsflüsse mit der beobachteten
Häufigkeit der Staubquellenaktivität (DSAF) verglichen, die durch die Analyse des MSG
SEVIRI Desert-Dust-RGB Produktes bestimmt wird. Dieser Verleich zeigt auf, dass das Mod-
ell die räumlichen sowie saisonalen Schwankungen der Staubaktivität im Untersuchungsgebiet
reproduziert. Für das Untersuchungsgebiet in Namibia wird ein Modelllauf über 13 Jahre
von 2005 bis 2017 durchgeführt und die Staubemissionen von ephemeren Flusstälern und
der Etosha-Pfanne simuliert. Eine empirische Orthogonalfunktions-Analyse (EOF) wird an-
gewandt, um Wetterlagen zu bestimmen, die im simulierten Zeitraum zu einer erhöhten Akt-
ivität der namibischen Staubquellen führen. Dabei wird besonders der Bergwind, ein heißer
und trockener Kontinentalwind, als wichtige meteorologische Antriebskraft für Staubaktivität
identifiziert.
Die Ergebnisse der beiden Studien zeigen auf, wie wichtig die Berücksichtigung alluvialer
Quellen für die Staubemissionsmodellierung ist. Da die Datensätze global verfügbar sind,
kann der Ansatz auch in anderen regionalen, kontinentalen oder sogar globalen Studien zur
Anwendung kommen. Die Simulation langzeitlicher Emissionsflüsse kann helfen, Aufschluss
über meteorologische Treiber von Staubemissionen zu erhalten. Dies gilt für die aktuellen
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Abstract Mineral dust has manifold impacts on the Earth system. This includes land
degradation at the dust sources, interaction with radiation in the atmosphere and effects on
human health and economic activity. While it can be stated that most dust sources are found
in arid and semi-arid environments, a general determination of characteristics that make a
surface particularly susceptible to wind erosion cannot be given. One dust source type that has
gained increasing attention in recent years is alluvial sediments. These sediments are formed
and influenced by surface runoff and provide a large amount of fine grained material prone to
wind erosion. Alluvial features are abundant in desert regions but are often small in size, for
example dry river basins or alluvial fans. Due to their small size and despite their importance,
these features are often underestimated or completely disregarded in dust-emission models.
In this thesis, the spatio-temporal distribution of active alluvial dust sources is investigated
and parameterized for a dust-emission model. For this, an approach to automatically detect al-
luvial features from two globally available satellite products is developed. These products com-
prise (1) surface reflectance at visible and near-infrared wavelengths derived from Sentinel-2
or MODIS and (2) HydroSHEDS flow accumulation data based on radar measurements. By
combining these two datasets, an alluvial fines map (AFM) is created that shows the distribu-
tion of alluvial sediments. The AFM is implemented in a dust-emission model and multi-year
model runs are performed for two study regions, one located around the Aïr Massif in the
central Sahara, the other one covering western Namibia. Besides the distribution of fine allu-
vial sediments, another hydrologically influenced source type is analyzed in Namibia, i.e. the
Etosha pan, a salt pan that is one of the most important dust sources in southern Africa.
Dust activity from Etosha pan exhibits a strong seasonality due to regular flooding of the
pan. These inundation events are implemented in the model by creating a monthly water
mask from MODIS reflectance data.
In the central Saharan study area, a comparison of the simulated dust flux with observed
dust source activation frequency (DSAF) derived from the MSG SEVIRI Desert-Dust-RGB
product shows that the model is able to reproduce the spatial and seasonal differences in the
main activity of the identified sources. This seasonality cannot be reproduced by a control
model run, in which the sediment supply by alluvial features is not included explicitly. For
the Namibian study area, a model run is performed that includes the monthly water mask
for Etosha pan and the AFM for the coastal ephemeral river basins. The simulated period
covers 13 years from 2005 to 2017. With an empirical orthogonal function (EOF) analysis,
constellations of pressure systems in the southern African region are determined that lead
to an increased dust flux from the study area. Especially the Berg wind situation, a unique
pressure pattern found in southern Africa with dry and hot continental winds, is identified as
an atmospheric circulation pattern that leads to increased dust activity from the Namibian
sources.
The results highlight how important the consideration of alluvial features is for an accurate
simulation of dust fluxes. Due to the global availability of the satellite data, the approach can
be implemented in regional, continental or even global studies. Long-term emission fluxes can
be used to identify the influence of meteorological patterns on dust emission and can help to
estimate dust fluxes under current conditions but also in a changing climate.

For look! Within my hollow hand,
While round the Earth careens,
I hold a single grain of sand
And wonder what it means.
Ah! If I had the eyes to see,
And brain to understand,
I think Life’s mystery might be
Solved in this grain of sand.
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Mineral dust, airborne rock-derived fine material, is one of the most abundant
aerosol types in the atmosphere (Kok et al., 2017). Emission, transport and de-
position are the three main steps in the dust life cycle, as sketched out in Figure
1.1. During these three stages, dust particles interact with their surroundings, with
the terrestrial and marine biogeochemistry, with solar and terrestrial radiation and
clouds. The scales on which these processes take place reach from microscopic to
local, from regional to global scales (Field et al., 2010). This makes dust a global
player in the Earth system, which can have impacts hundreds, thousands or tens
of thousands of kilometres away from the sources.
The sources of mineral dust are almost exclusively located in arid and semi-arid
environments (Goudie and Middleton, 2006; Prospero et al., 2002). Where dust is
blown out regularly, the composition of the remaining sediment structure changes.
Since smaller particles are more susceptible to wind erosion, the fine sediment
fraction is transported away while larger soil particles and rocks remain at the
sources. Soil nutrients are often attached to these smaller soil constituents, their
removal hence leads to a depletion of nutrients (e.g. phosphorus and nitrogen) and
to the loss of organic soil components (Katra et al., 2016; Masri et al., 2003; Yan
et al., 2013). In addition, cation-exchange-capacity and water-holding capacity
that are connected to the soil silt and clay contents, decrease (Field et al., 2010).
Altogether, dust emission can lead to the loss in fertility and a degradation of soils
in the source regions. According to the UNEP World Atlas of Desertification of
1992, water and wind erosion are the most dominant processes of land degradation
having an asset of 42% to the total land degradation, each (Belnap et al., 2011).
A consequence of the loss of nutrients at the sources of dust particles is the accu-
mulation of nutrients at the dust sinks, where not only the mineral material but
also the attached nutrients and organic matter are deposited. For some regions, nu-
trient input from dust is one of very few mechanisms of fertilization. Jickells et al.
(2005) have stressed the importance of desert dust in the global iron cycle, leading
1
2 Introduction
Figure 1.1: The dust cycle and its effects on bigeochemistry and climate. From
http://www.geo.cornell.edu/eas/PeoplePlaces/Faculty/mahowald/dust.htm (N.
Mahowald, webpage)
to species shifts and to changes in phytoplankton size distribution in ocean waters
with regular dust entry. Regions far away from the sources benefit from nutrient
input by dust. Examples are the Amazon rainforest in South America, which is fed
by nutrients transported with mineral dust from the Sahara (Koren et al., 2006; Yu
et al., 2015), or Hawaiian soils that are fertilized by mineral dust from Asia (Chad-
wick et al., 1999). Increased bioactivity of ecosystems by fertilization with dust,
can lead to climate responses, like a larger CO2 uptake of ocean water through
an increase in algae and phytoplankton (Jickells et al., 2005). Besides this, while
transported in the atmosphere, mineral dust particles directly influence weather
and climate: the radiation budget of the Earth’s system is altered by scattering,
absorption, and re-emittance of incoming solar radiation and absorption and re-
emittance of long-wave terrestrial radiation on dust particles in the atmosphere
(Haywood et al., 2001; Sokolik et al., 2001). These direct effects of mineral dust
particles can lead to a relative cooling or warming of the global system (Shell and
Somerville, 2007; Sokolik and Toon, 1996), depending on which of these effects is
most dominant. Absorption and scattering strongly depend on factors like dust
particle size, dust layer height, and the reflectivity of the surface below (Kok et al.,
2018). On a global scale, it is still uncertain if direct dust effects lead to a cooling
or warming (Miller and Tegen, 1999). Tegen et al. (1996) estimate that negative
and postive forcings of the direct dust effects level out on a global scale while the
IPCC report gives a tentative range of -0.6 to +0.4 W m-1, but states that a best
3esimtate is not possible to give, yet (IPCC , 2007). However, Kok et al. (2018)
conclude that on a regional scale and closer to the sources, dust rather leads to a
relative warming due to the brighter surfaces of the arid lands where dust plumes
originate and due to larger particle sizes near the sources. Besides the direct ef-
fects of mineral dust particles on radiation, mineral dust aerosols further influence
cloud properties and precipitation formation. Mineral dust aerosols act as cloud
condensation nuclei (CCN), i.e. as seeds on which cloud droplets form. A higher
availability in CCNs results in the formation of a larger number of droplets but of
a smaller size. These small-sized droplets, however, are less likely to precipitate.
The consequence are clouds with a larger optical depth, longer life times and less
precipitation, a phenomenon known as the Twomey effect (Li et al., 2010; Rosen-
feld et al., 2001; Twomey, 1977). Mineral dust also influences the cryosphere: dust
that settles on ice and snow sheets decreases the albedo of these surfaces. This
so called ice- or snow-albedo effect leads to an increase in absorption of incoming
solar radiation and to the faster melting of ice and snow sheets (e.g., Painter et al.,
2007). For example, dust settling on Arctic ice sheets may play a role in the rapidly
vanishing cryosphere (Vincent, 2014).
Dust and dust storms also have direct impacts on human everyday life, health
and economy. Inhalation of fine dust particles may provoke bronchitis, silicosis or
other lung diseases (Goudie and Middleton, 2006). Dust particle can be a transport
medium for pathogens (Gonzalez-Martin et al., 2014; Goudie, 2014; Griffin, 2007)
or other harmful substances like carcinogenic radioactive material emitted from
uranium mines (Davis, 2010). Dust and sand storms can have severe economic
consequences, especially in the agriculture sector. Besides the degradation of land,
dust can bury seedlings, destroy crop plants, delay plant development and injure
or kill livestock (Stefanski and Sivakumar , 2009). Dust can hinder the efficiency
of thermal and photovoltaic collectors (Said, 1990; Schroedter-Homscheidt et al.,
2013), strong dust storms can shut down the transportation sector by making roads
and railways unpassable (Bruno et al., 2018). In severe dust storms, the public life
of the affected area may be disrupted completely.
Dust is a natural phenomenon in the Earth system. Geoarchives, like massive
loess deposits found in the mid latitudes (Pecsi, 1968), show hints of much dustier
periods on geological time scales. Nevertheless, dust emission is highly sensitive
to human interaction. One prominent example is the Dust Bowl in the Great
Plains of the United States, where severe dust storms occurred in the 1930’s as
a consequence of drought and poor agricultural practices (Lee and Gill, 2015;
Schubert et al., 2004). Nowadays, human influence on the land surface may pro-
voke 25-60% of global dust emissions (Ginoux et al., 2012; Mahowald and Luo,
2003). This number can become much higher if effects of human-induced climate
change are included. The consequences of a warmer mean temperature on Earth
will be especially perceptible in (semi-)arid regions and will most likely lead to
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an increase in temperature and a decrease in precipitation accompanied with a
decrease in soil moisture in many arid regions of the world (Seager et al., 2007).
These changing conditions may lead to an alteration and reduction of vegetation
cover and consequently to increased dust emission. Further, a much higher fire
activity can be expected (Moritz et al., 2012). Not only are wildfires considered to
be a dust-emission-mechanism themselves (Wagner et al., 2018), they also leave
behind barren, unprotected soil vulnerable to wind erosion. Peters et al. (2007)
state that regarding climate and environmental changes, an understanding of cas-
cading events, like causes and consequences of dust activity, is essential to better
forecast future events. But how accurate are climate and dust emission models in
simulating the global dust activity? A large number of regional and global model
studies have been undertaken to simulate dust emissions and pathways (e.g., Gin-
oux et al., 2001; Heinold et al., 2011, 2013; Laurent et al., 2008; Menut, 2008;
Schepanski et al., 2009, 2013; Tegen et al., 2002, 2006; Zender et al., 2003), some
of which show generally good agreement with measurements, while over- and un-
derestimations of the dust load and its variability occur. A comparison of 15 global
dust simulation models performed by Huneeus et al. (2011) shows that there still is
a large diversity in the amount of dust that models simulate: the global emissions
of these 15 models lay between 514 and 4313 Tg yr-1 - a factor of 10 between lowest
and highest results. The wide range of values for the simulated total dust emis-
sions may be the sum of uncertainties in the various model processes, including
dust sources, emission and deposition rates, dust size distribution and the physical
and chemical properties of dust (Zhao et al., 2013) but may also be induced by dif-
ferent model resolutions (Gläser et al., 2012). Huneeus et al. (2011) compared their
model results to ground-based measurement data of AERONET stations and con-
clude that both under- and overestimations occur. However, these ground-based
measurements are highly stationary and do not allow for a holistic assessment.
Evan et al. (2014) state that a more complete evaluation of dust simulations is
strongly limited by the lack of long-term measurement data. A solution for this can
be the use of satellite data. By making use of the assumption that the atmospheric
dust load is increased above dust sources, many studies have identified the locations
and spatio-temporal activity of dust sources with the help of satellite data (e.g.,
Baddock et al., 2016; Ginoux et al., 2010, 2012; Herman et al., 1997; Prospero
et al., 2002; Schepanski et al., 2007, 2009; von Holdt et al., 2017; Washington
et al., 2003). The first global dust source inventories were derived from polar-
orbiting satellites, like Nimbus 7 (Herman et al., 1997; Prospero et al., 2002) or
MODIS (Baddock et al., 2016; Ginoux et al., 2010; Hsu et al., 2004; von Holdt
et al., 2017) which carry instruments that are able to detect dust aerosols by their
absorption behaviour in the ultraviolet (UV) spectrum. The detection of dust
from polar-orbiting satellites is, however, highly restricted by their overpass times.
Another approach is the use of geostationary satellites, like the Meteosat Second
5Generation (MSG) satellites, to detect the sources of mineral dust (Schepanski
et al., 2007). Geostationary satellites offer a high temporal resolution (e.g. 15
minutes for MSG). However, the manual detection of dust plumes from the MSG-
derived dust product is time consuming and the spatial resolution is lower than for
many polar-orbiting satellites. A comparison study by Schepanski et al. (2012a),
revealed that dust source maps of polar-orbiting and geostationary satellites tend
to map dust sources at slightly different locations: while Nimbus-2 and MODIS
data map topographic lows as the main dust sources, they are shifted towards
more complex and rugged terrain, like the foothills of mountains, when using
geostationary data. These differences raise the question of where the sources of dust
are really located. Which landforms act as sources of dust and what mechanisms
lead to a supply with fresh sediments that enable a source to be active over longer
time scales?
From satellite and ground-based analyses, we know that most dust activity takes
place along the so called dust belt, a band that stretches from the Sahara over the
Middle East and Central Asia to China and includes many of the World’s most
remote areas (Prospero et al., 2002). Diverse geomorphological features and mech-
anisms have been identified that lead to the release of mineral dust particles. Dust
activity can be assigned to specific landforms and phenomena, e.g., topographic
depressions (e.g., Ginoux et al., 2001; Tegen et al., 2002), ephemeral or endorheic
rivers and streams (Feuerstein and Schepanski, 2019; von Holdt et al., 2017), eph-
emeral lakes and salt pans (Bryant, 2003), sand dunes (Crouvi et al., 2012; Huang
et al., 2019), loess deposits (Sweeney et al., 2013), wildfires (Wagner et al., 2018),
dust devils (Hess et al., 1998) or surfaces under anthropogenic land use and land
cover change (Ghose and Majee, 2000; Webb and Pierre, 2018). Each dust source
has its own pattern in terms of activity, size, and seasonality and a general de-
termination of characteristics that make a dust source particularly active is hence
not possible.
Many studies stress the importance of alluvial sediments for dust emission, often
found along arid mountain systems, where they are accumulated by surface runoff
of precipitated water. Prospero et al. (2002) name the presence of alluvial fine ma-
terial, playas and saline lakes and the relatively recent pluvial history as important
sources of mineral dust. Belnap et al. (2011) stress the importance of the connec-
tion between wind and water erosion, offering "aeolian-fluvial transport corridors",
especially in arid and semi-arid regions. This is underlined by Ginoux et al. (2012),
who showed that 30% of the global dust sources are connected to ephemeral wa-
ter bodies. Also, Bullard et al. (2011) and Baddock et al. (2016) name ephemeral
and dry lakes as one of the most dust active landforms in both their frequency in
activity and the amount of dust that is emitted in each event. A field campaign
conducted by Reheis and Kihl (1995) revealed a strongly increased export of allu-
vial sediments subsequent (in the same or following year) to precipitation events.
6 Introduction
The coherence loss of radar backscatter over time for river valleys in Morocco due
to the emission of dust (Schepanski et al., 2012b) and airborne lidar-based meas-
urements of a dust event in a Mauritanian valley (Schepanski et al., 2013) show
how small scale alluvial features can act as sources of mineral dust. These alluvial
sediments will be the main focus of this work.
To better describe and understand dust source behavior, a scheme suggested by
Bullard et al. (2011) will often be used in this work. This scheme classifies dust
sources by the main controls on their activity. According to the Bullard-scheme,
a system can be in one of three states: (1) supply-limited, when the emission is
limited by a lack of suitable sediments; (2) availability-limited, for sources where
sediments are in the system but not available for emission, for example due to
ground cover or soil moisture; and (3) transport-capacity-limited for sources where
sediments are available but the wind regime does not provide sufficient energy
for particle mobilization. These three states can coexist and a dust source can
change its state over time, on seasonal scales but also over longer terms, like years,
decades, centuries or on geologic time scales.
The thesis is structured as follows: first an overview on the theoretical background
of dust emission in general and from alluvial sources is given: Chapter 2 summar-
izes the physical processes of particle mobilization and emission on the smallest
scale, i.e. for single particles and soil size populations. Chapter 3 describes the
geomorphology of dust sources and their global distribution in general, and de-
scribes the characteristics of alluvial features specifically. The theory behind dust
emission from alluvial sources is outlined. Chapter 4 outlines the climatological
and meteorological controls on dust emission and sets a specific focus on those
areas that will later be analysed in the scientific chapters. While Chapter 5 sum-
marizes the main objectives of the scientific chapters of this thesis, Chapter 6 and
7 outline the datasets and methods that are applied. The scientific Chapters 8 and
9 apply these methods and analyse dust activity of two study areas, one located
in the central Sahara and one in Namibia. Dust emission is analysed, simulated by
an oﬄine dust-emission model and compared to observations of the land surface
and atmospheric parameters. Simulated dust fluxes are validated using satellite
derived dust products and a critical discussion on the validity of the results is per-
formed. Chapter 10 summarizes the work and gives an outlook on future research
perspectives.
Please note that parts of this thesis have been published in Feuerstein, S. and
K. Schepanski (2019), Identification of Dust Sources in a Saharan Dust Hot-Spot
and their Implementation in a Dust-Emission Model, Remote Sensing, 11 (1), 4,
doi:10.3390/rs11010004.
The respective text passages and figures are marked accordingly.
Chapter 2
The smallest scale of dust
emission: particle mobilization
and entrainment
The smallest scale at which dust emission takes place is the mobilization of soil
particles from ground. In natural soils, these particles can appear as single particles
or in aggregates, where several single particles stick together and form a larger
particle. The energy needed to mobilize particles and aggregates is strongly de-
pendent on their diameter. In soil science, the diameters of available particles are
referred to as soil texture. Soils and surface features of different soil textures can
strongly differ in the amount of dust that they emit. The following sections give
an overview on the connection between soil texture and other soil parameters and
different modes of particle motion including the entrainment of dust particles in
the atmosphere.
2.1 Grain sizes and effective particle diameter
Soil grains are subdivided into size classes depending on their diameter: the smal-
lest particles are clay minerals, followed by silt and sand. Larger particles comprise
granules, pebbles, cobbles and boulders. Table 2.1 gives the respective diameter
boundaries that divide the size classes and their subclasses according to Friedman
and Sanders (1978). Soil particles usually are not spherical, they are rather highly
irregular in their form, their roundness and their surface roughness (Shao, 2000).
This is why a true particle diameter cannot be determined. Particle sizes are usu-
ally estimated from other particle properties that are easier to measure, e.g. from
the particle mass or the sieving diameters. The derived particle diameter is referred
to as the effective particle diameter. A soil can be described by its composition
giving its percentage of clay, silt and sand. According to the soil textural triangle
7
8
The smallest scale of dust emission: particle mobilization and
entrainment
Figure 2.1: The USDA soil texture triangle determines 12 basic soil texture classes according
to the percentage of sand, silt and clay the soil is composed of. From Soil Science Division Staff
- USDA (2017).
proposed by the US Department of Agriculture (USDA) and depicted by Figure
2.1, 12 basic texture classes are distinguished. This simple classification is widely
used in soil characterization and environmental modelling studies.
2.2 Modes of particle movement according to Bagnold
(1941)
When a soil particle is airborne, it is referred to as mineral dust. Dust particles
are usually in the size ranges of clay and silt. However, no universal limit exists for
the maximum grain size of dust particles. Values of 80µm and 70µm are used by
Bagnold (1941) and Shao (2000) for the maximum grain size, respectively, while
others use the sand-silt grain size boundary at 62.5 µm to distinguish dust from
sand (e.g., Goudie and Middleton, 2006).
Whether or not a particle stays in the atmosphere always is dependent on the
balance between the gravitational force and the aerodynamic forces (i.e. the aero-
dynamic drag and lift forces) that act on a particle in the atmosphere. When the
gravitational force is equal or smaller than the aerodynamic forces, which keep
the particle aloft, the particle is in suspension. The particle terminal velocity
describes the relationship between the upward directed aerodynamic force and the
gravitational force. It gives the particle-to-fluid (in this case: particle-to-air) relat-
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Table 2.1: Grain size classification according to Friedman and Sanders (1978) and commonly
used names derived from Blott and Pye (2001).
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Figure 2.2: Modes of particle movement according to Bagnold (1941). Figure from Nickling
and Neuman (2009).
ive velocity at which a particle experiences no acceleration. It has been shown that
the particle terminal velocity is highly proportional to the particle diameter Dp
with (Dp)2 for large particles and (Dp)1/2 for small particles (Shao, 2000). Hence,
small particles tend to stay in suspension for much longer time scales than larger
particles. Once mobilized, small particles can remain in the atmosphere for hours
or days and can be transported over large distances of up to thousands of kilo-
metres. This long-term suspension usually affects particles of very small diameters
(approx. <20µm). Larger particles rather experience short-term suspension with
atmosphere retention times of some hours.
Sand particles are rarely suspended, as the gravity forces they experience are much
larger. Sand particles that are mobilized by wind rather perform a bouncing motion
with uplifting heights of some tens of centimetres above ground. This process is re-
ferred to as saltation (Bagnold, 1941) (see Figure 2.2). The horizontal movement
of sand particles in the downwind direction can lead to the formation of large sand
based landforms like dunes or sand seas. Generally, the particle sizes most suitable
for saltation have diameters up to 500µm (Bagnold, 1941). Other studies suggest
that saltation can take place for particle diameters up to 2000µm (Marticorena
and Bergametti, 1995). With increasing particle diameter, the gravity forces in-
crease and the height that particles are uplifted from the ground decreases. Large
particles would rather hop or roll, a process referred to as reptation (Ungar and
Hafe, 1987), or are set into a horizontal creeping movement under strong wind
shear stress. The creeping soil fraction is usually larger than 2000µm in diameter
(Marticorena and Bergametti, 1995). The three modes of particle motion, i.e. sus-
pension, saltation and reptation/creeping, have first been recognized by Bagnold
(1941) and are used frequently to describe and to model dust emission processes.
In undisturbed soils, especially clay and silt particles are often found as aggregates
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or coatings of larger (e.g. sand) particles. The amount of fine material that can be
suspended is then dependent on the stability of these aggregates. During strong
saltation events however, the energy induced by the back-bounding sand particles
can lead to the breakage of aggregates and the removal of coatings and thus to
the release of fine particles (Goudie and Middleton, 2006; Shao, 2000). Thereby,
the saltation plays an important role for the entrainment of fine particles in the
atmosphere.
2.3 The threshold friction velocity
Energy is transferred into the erodible part of the surface by the near-surface air
flow. This air flow is decelerated at its lowest level by friction with the land surface
leading to a distinct profile of the wind velocity U(z) depending on the height z
above ground. The energy exerted on the surface is the wind shear stress τ . By







To initiate particle movement, the forces that keep a particle at ground need to be
overcome by the wind induced shear stress. Figure 2.3 shows the forces that act on
an idealized, spherical soil particle: the aerodynamic drag (Fd) and aerodynamic
lift (FL), both induced by the surface near air flow and hence independent from
the particle characteristics, and the gravitational force (Fg) and interparticle forces
(Fip) that are dependent on the particle size. When Fg and Fip are overcome by the
aerodynamic forces, particle movement about the pivot point P (see Figure 2.3)
initiates in the downstream direction (Shao and Lu, 2000). The minimum wind
speed required to initiate this movement and thereby causing the deflation of a
soil particle is called the threshold velocity Uth* (Marticorena and Bergametti,
1995). In other words, Uth* represents the ability of a soil to resist wind erosion
(Shao and Lu, 2000).
Uth* is highly dependent on the size range of available particles and aggregates (soil
texture). During wind tunnel experiments, Bagnold (1941) discovered that Uth*
increases with increased particle diameter and came up with a first formulation of
this connection (see orange measurement points and assumed linear connection in
Figure 2.4). However, these first attempts neglected the interparticle forces that
soil particles at the ground experience with neighbouring particles. The smaller the
particle diameter, the more important these forces become in comparison with the
gravitational forces. Interparticle forces comprise van der Waals and electrostatical
forces (Shao, 2000), capillary, and chemical binding forces (Shao, 2001).
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Figure 2.3: Forces that act on a particle on the ground: wind induced aerodynamic drag Fd
and aerodynamic lift FL, gravitational force Fg and interparticle forces Fip and the respective
momentum arm lengths rd, rg and rip around the pivot point P. Figure derived from Kok et al.
(2012), based on Shao and Lu (2000).
The semi-empirical schemes devleoped by Iversen and White (1982) (see pink line
in Figure 2.4) or by Greeley and Iversen (1985) also account for the increase in
Uth* for smaller particles. These formulations use fitting functions to resemble
the measurements of wind tunnel experiements for small particle sizes. Based on
the formulation of Greeley and Iversen (1985), Shao and Lu (2000) developed a
simplified version where Uth* is solely connected to the particle diameter Dp (see
green curve in Figure 2.4). However, measurements in the smallest size ranges are
sparse and hence it is difficult to state which of these formulations represents the
most realistic connection between particle size and threshold velocity.
The threshold velocity of a surface is not only dependent on the soil texture but on
other soil and surface related properties. One important characteristic is the sur-
face roughness, which can strongly influence the threshold velocity. Non-erodible
elements that cover a surface, consume parts of the wind momentum and thereby
decrease the shear stress that is inserted on the surface. This phenomenon is re-
ferred to as drag partitioning. Roughness obstacles can be larger boulders, rocks,
rugged terrain or vegetation. The overall roughness length Z0 describes the rough-
ness of the surface including these non-erodible elements. However, also the erod-
ible part of the surface is not completely smooth. The ’smooth’ roughness length
z0S therefore describes the roughness of the erodible part of the surface which is
proportional to the mean effective radius of the largest size fraction of the soil with
z0S ≈ Dmax/30 (Greeley and Iversen, 1985). Including the surface roughness, Mar-
ticorena and Bergametti (1995) propose the formulation of Uth* as a function of
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Figure 2.4: Overview on several attempts to measure the threshold friction velocity Uth* for
different particle diameters Dp (symbols) and semi-empirical expressions (colored lines). Filled
symbols mark measurements of sand and dust. Figure adapted from Kok et al. (2012).
the threshold velocity of available particle diameters Uth*s, the smooth roughness
length z0S and the overall roughness length Z0 as follows:

















where feff is the ratio of local and total friction velocity. Figure 2.5 represents
the connection between overall roughness Z0 and the threshold velocity Uth* and
impressively shows the strong increase of Uth* for larger values of Z0.
2.4 The Marticorena-Bergametti dust production scheme
Particles are set in motion when the friction velocity u* is larger than the threshold
friction velocity Uth*. Soil particles then perform one of the three modes of particle
movement described above, i.e. suspension (dust uplift), saltation, or creeping. This
particle flux can be subdivided into a vertical and a horizontal component. The
horizontal particle flux G comprises the saltating particles that are transported
14
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Figure 2.5: Threshold friciton velocity Uth* versus the overall roughness length of the surface
Z0 according to Equation 2.2. Diamonds and triangles are derived from the experiments of
Nickling et al. (1989) and Gillette et al. (1982), respectively. Figure from Marticorena and
Bergametti (1995).
downwind. Bagnold (1941) identified a cubic relationship between wind friction
velocity and the horizontal particle flux. Using this cubic relationship, the formu-
lation developed byWhite (1979) calculates G as the sum over the sizes of available

















with si giving the relative surface covered by each size bin and g representing
the gravitational constant. Parts of the horizontal flux G are transformed into
the vertical flux F by processes like breakage of aggregates, abrasion or coating
removal in the saltation process. The vertical flux F hence gives the amount of
suspended dust in an emission event. F and G are connected by a factor α [m−1],
referred to as the dust production efficiency (Gillette, 1979):
F = α ·G · Aeff (2.5)
Aeff gives the erodible surface area. Different approaches exist to estimate α (Alfaro
and Gomes, 2001; Shao, 2001). On the basis of measurements performed byGillette
(1979), Marticorena and Bergametti (1995) connect α to the clay content of a soil:
α = 10(0.134(%clay)−6). (2.6)
Equations 2.4 - 2.6 hence show the connection between horizontal and vertical
fluxes for different soil textures and surface roughnesses. The scheme is implemen-
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ted in the model used in this work and is referred to as Marticorena-Bergametti
scheme according to its publication in Marticorena and Bergametti (1995).
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Chapter 3
Sediment supply and availability -
the sources of mineral dust
Chapter 2 showed how sensitive dust mobilization is to particle sizes. The main
players of dust emission are in the size range of sand leading to a horizontal particle
flux, and of silt and clay that lead to a vertical particle flux and thereby to particle
suspension and dust emission. The formation of these fine grained silt and clay
particles from larger rocks can be associated to specific processes. It is commonly
agreed that clay particles are derived from chemical weathering (e.g., Chamley,
1989). The formation of silt particles can be assigned to more diverse processes:
Goudie and Middleton (2006) name glacial grinding, abrasion by fluvial and aeolian
systems and various types of weathering like chemical, physical, frost and thermal
weathering. Which is the most dominant process for silt formation differs spatially
and temporally according to differences in climate, relief, geology and the geo-
morphic history (Wright et al., 1998). Generally, silt formation can take place in
many climates from glacial, periglacial, arid to humid environments (Goudie and
Middleton, 2006). However, the association to specific formation processes leads
to a nonuniform distribution of the silty material over the landmasses and to a
strong connection of fine particle occurrence to specific landforms. Figure 3.1 shows
landforms in glacial and arid environments, to which silt formation can be asso-
ciated: In cold environments, silt is deposited adjacent to glaciers and periglacial
fluvial systems. Indeed, glaciers are the main source of loess, wind-blown deposits
of quartz minerals between 20 and 60µm (Wright, 2001). In hot and dry desert en-
vironments, silt formation can mainly be attributed to processes in connection to
wind and water abrasion during fluvial and aeolian erosion processes. Landforms
that hold and produce a considerable amount of fine material are alluvial fans,
alluvial plains, ephemeral rivers, playas and deflation depressions (see Figure 3.1).
Dunes and other sand-borne landforms can release finer material during strong
saltation events due to breakage of sand particles and removal of mineral coatings
17
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Figure 3.1: Landforms associated to silt formation in glacial and arid environments. Published
in Goudie and Middleton (2006).
(Bullard and White, 2005; Shao, 2001). Stabilized pleistocene dunes might store a
considerable amount of silty material which is released when they are reactivated
(Goudie and Middleton, 2006).
3.1 The role of ground cover for dust emission
The presence of fine soil particles does not necessarily lead to dust emission. Only
when these sediments are available for wind erosion and the wind shear stress
on the surface is strong enough, dust is emitted. The availability of sediments is
highly dependent on ground cover and soil moisture. For example, loess deposits
in the mid latitude are usually covered by vegetation which completely inhibits
dust emission. In arid or very cold environments, however, vegetation cover can be
sparse or highly seasonal and sediments are at least temporary available. Never-
theless, vegetation is the most limiting factor for dust emission. This is due to the
reduction of wind shear stress affecting the surface, the influence on soil moisture
and the physical stabilization of the (top-)soil by the plants’ roots, soil organic
matter and micro-organisms (Flagg et al., 2014). The density and height of the
vegetation cover affects how much the topsoil is stabilized and how much dust
emission is inhibited (Okin et al., 2006). In deserts and desert margins like the
Sahel, vegetation cover can be highly seasonal and is strongly connected to precip-
itation rates. With a large variation in the annual precipitation, strong interannual
changes of vegetation cover occur. Hence, the influence of vegetation cover is highly
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sensitive to meteorological patterns and long-term climate changes (Egerer et al.,
2018; Kim et al., 2002; Tegen et al., 2002; Urban et al., 2009). The temporally
variable vegetation cover needs to be considered in the analysis of dust source
activity. To determine vegetation cover over the large deserts of the globe, several
remote sensing products are available that represent the distribution of vegetation
over time. Tegen et al. (2002) have shown the importance of a correct vegetation
phenology when modelling dust emission. For example, they assume that grass
dominated biomes can act as dust sources as long as no green vegetation is present
due to the low depth the grass roots penetrate into the soil. On the other hand,
shrubs or trees are still able to stabilize the topsoil even when no green leafs are
present as the stems and roots persist over dry periods.
Soil crusts are able to strongly inhibit dust activity. These surface features are
much more difficult to quantify than vegetation. Crusts can be physical, chemical
and biological. Biological crusts consist of a combination of cyanobacteria, green
algae, lichens, mosses and/or microfungi (Belnap and Gillette, 1998) and are highly
susceptible to disturbances with assumed recovery rates of some decades to some
hundreds of years (Belnap and Gillette, 1997). However, if undisturbed, biological
crusts can stabilize desert surfaces year round and compared to vegetation cover,
are not dependent on regular precipitation (Belnap and Gillette, 1998). Physical
soil crusts often form in connection to rainfall and the activation of ephemeral
lakes and streams. Due to different sedimentation rates of suspended particles in
the flowing water of these streams, the smallest clay particles settle last, on top
of all other sediment sizes. When this layer dries out, a cement-like crust forms
that is often infused with cracks (Ishizuka et al., 2008). Physical soil crusts are
dependent on precipitation in both their formation and their lifetime as they usu-
ally dissolve when precipitation occurs. Further mechanisms to disturb physical
crusts are the bombardment of saltating particles, vegetation growth, or human
or animal interaction. The physical crusts are hence far more variable in their
persistence compared to biological crusts. Similar to physical crusts are chemical
crusts, formed by crystallization or cementation of soluble salts in arid environ-
ments (Ishizuka et al., 2008), for example on top of large salt lakes or salt pans
like the Etosha pan in Namibia.
Soil moisture increases capillary forces between soil grains (Fécan et al., 1999). This
increases the interparticle forces, which leads to a drastically increased threshold
velocity Uth*. How strong the effects of soil moisture are on the increase of threshold
velocity is again dependent on the diameters of available particles and aggregates
(Chepil, 1956). However, for arid environments, soil moisture might rather play a
subordinate role due to the limited availability of precipitated water.
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3.2 Global dust source distribution
Where transport-capacity and sediment supply are given and where the sediments
are available, dust emission can occur and this location can be named a mineral
dust source. Dust source activation can take place frequently, periodically or ir-
regularly, on time scales of days, seasons, years or even decades. The less frequent
a dust source is active, the lower the chance that it is recognized as a source.
An accurate information base with regular measurements is needed to determine
where dust emission hot-spots are located. The best spatial and temporal coverage
is surely reached by the use of satellite data, which has been done several times
in the last decades using a number of different sensors and products. An early
attempt to map dust sources on a global scale was performed by Prospero et al.
(2002), who first used remote sensing data of the polar-orbiting TOMS instru-
ment onboard NIMBUS-7 to point out regions with increased atmospheric dust
load. The authors state that dust sources can be associated with "specific types of
landforms and environments [...] located in arid regions [...]".
The strongest and most important dust source regions are found along the dust
belt, a band that stretches from North Africa over the Middle East and Central
and South Asia to China (Prospero et al., 2002) covering the most arid regions
of the northern hemisphere. Further sources are found in higher latitudes, e.g.
Alaska, Canada, Greenland, and Iceland (Bullard et al., 2016). In the southern
hemisphere, no pronounced dust belt can be found, mainly due to the lack of large
land masses. However, in the southern hemisphere there are a number of important
dust source regions, e.g., southern Africa (e.g., Bryant, 2013; Vickery et al., 2013;
von Holdt et al., 2017) and Australia (McTainsh et al., 2011), and some smaller
source regions like Patagonia, New Zealand and Antarctica (Bullard et al., 2016;
Li et al., 2008).
In 2012, Ginoux et al. (2012) published an (almost-) global map of dust sources
based on MODIS Deep Blue Level 2 Dust Optical Depth data (M-DB2 DOD),
which is shown in Figure 3.2. It needs to be stated that the M-DB2 Collection 5
algorithm, that was used here, only works for bright and unvegetated surfaces. This
is why, high-latitude sources are neglected in this source map. The distribution of
increased DOD in the atmosphere impressively shows the dominance of the dust
belt along North Africa and East to Central Asia and another hot-spot in Australia,
while on the American continents only smaller sources can be found.
3.3 Dust sources in Africa
Africa is by far the most dust emitting continent. Dust emission here mainly takes
place in the Sahara and in southern Africa. This is why the African continent and
its dust sources are the main focus of this work. The Sahara offers a variety of dust
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Figure 3.2: Mean number of days per season with increased dust activity (2003-2009) based
on MODIS Deep Blue Optical Depth (M-DB2 DOD) > 0.2 shows global dust source
distribution without high-latitude sources. Published in Ginoux et al. (2012).
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source types, many of which have been analysed previously on different temporal
and spatial scales using a large number of methods. However, for southern Africa
a number of high-class studies on dust activity show that similar but also very
unique dust sources are found in the subcontinent (Bryant, 2003; Bryant et al.,
2007; Vickery et al., 2013; von Holdt et al., 2017). This comprises the large salt
pans of Etosha and Magkadigkadi in Namibia and Botswana, respectively, which
are considered to be the main sources of mineral dust in southern Africa. Their
presence and importance gives the opportunity to analyse another dust source
type influenced by alluvial material and to extend the findings of northern Africa
to another dust source region.
Figure 3.3: Map of dust source activation frequency in the Sahara on a 1◦ x 1◦ grid for March
2006 to February 2010 based on the MSG SEVIRI dust product. Edited from Schepanski et al.
(2012a).
Ginoux et al. (2012) state that 55% of global dust emission is emitted from the
Sahara. This makes the north African desert the most important dust source region
of the globe. Figure 3.3 shows a map of dust source activation frequency, i.e. the
share of days each grid cell was counted as active dust source. This result was pub-
lished in Schepanski et al. (2012a) and is based on the Desert-Dust-RGB product
derived from the SEVIRI instrument on board the Meteosat Second Generation
(MSG) satellites (see Section 6.1.1). The map shows a focus of dust activity along
a band in the central Sahara with a clear hot-spot located at the Bodélé depres-
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sion in Chad where dust activity has been observed for more than 40% of the days
in the observation period from March 2006 to February 2010. Another hot-spot
has been determined for the area west of the Aïr Massif and south of the Hoggar
Mountains in Niger and Algeria. This hot-spot can be associated with desert val-
leys at the foot hills of these mountain systems (Ginoux et al., 2012; Schepanski
et al., 2009, 2012a).
Besides the diverse locations of dust sources in the Sahara, the source regions have
a distinct seasonality (Schepanski et al., 2007) as well as a strong diurnal cycle
in activity (Schepanski et al., 2009): while most sources show a main activity in
the morning hours others reach their main activity later during the day. Seasonal
variability is mainly given by vegetation cycles and in connection to the large
scale climatology (see Chapter 4). Wagner et al. (2016) showed that interannual
variations occur due to changes in the frequency of rainfall and wind pattern which
are caused by large-scale teleconnections like changes in the Atlantic sea surface
temperature.
In comparison to the Sahara, Figure 3.2 shows rather low dust activity for southern
Africa. However, a number of studies have revealed that the subcontinent emits a
considerable amount of dust. Vickery et al. (2013) have analysed the dust activity
of southern Africa from satellite data for the years 2005 - 2008. One result of this
analysis is represented by Figure 3.4. From this map, it becomes clear that there
are several dust hot-spots found in southern Africa. Most pronounced is the dust
activity from the two large salt pans, Magkadigkadi in Botswana and Etosha in
Namibia. A lot of research on ground and from space has been undertaken to
analyse the geomorphology of these sources (Bryant, 2003; Bryant et al., 2007;
Nield et al., 2015). Along the Nambian coast, arid conditions prevail throughout
most of the year. A number of ephemeral river basins are found here that function
as frequent dust sources, which has been closely analysed by von Holdt et al.
(2017). Along the coast, dust activity peaks during southern hemisphere winter
when north-easterly Berg winds occur. Further sources of mineral dust are found
in the Kalahari region located further inland in southern Namibia and northern
South Africa.
3.4 Alluvial features as sources of mineral dust
As presented in the introduction, alluvial sediments have been identified as im-
portant sources of mineral dust. Alluvial sediments are formed where surface water
(outside of marine systems) erodes, transports and deposits material. Features of
water erosion can be divided into two categories: recently formed features that
are still active and experience a more or less frequent inundation and thereby the
accumulation of fresh sediment layers, and features that have been formed in the
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Figure 3.4: Dust source inventory of southern Africa based on the analysis of MODIS and
MSG SEVIRI data. Indicated are the location and timing of dust activity for a) the Etosha
basin, b) the Makgadikgadi basin, c) the Namib and coastal sources, d) the Kalahari and e)
Free State sources. Published in Vickery et al. (2013).
past, for example in a more humid climate, and are nowadays inactive. In terms
of dust activity, active features are of particular interest, since they experience a
regular sediment recharge by periodic precipitation and surface runoff. The freshly
accumulated sediment layers provide fine material in the size ranges suitable to be
suspended in the atmosphere and transported over long distances.
Due to their complexity, these features vary in their temporal potential dust activ-
ity. Figure 3.5 sketches out the theoretical cycle of alluvial sediment formation: at
stage (1), arid and windy conditions prevail. However, no sediments are present
(any more), the surface is blown out and dust emission can only occur for very
strong wind events, when the threshold velocity is exceeded that is needed to mo-
bilize the left-behind larger particles. Dust emission is hence at a low level and the
source is supply-limited. At stage (2), the area is affected by a rain event which may
be a few months long or just a single short-term event. The precipitation leads to
surface runoff. A fresh sediment layer is formed where the flow velocity of the sur-
face stream decreases due to evaporation or infiltration of the surface water. The
increased water availability leads to vegetation growth, the formation of crusts and
an increase in soil moisture, which inhibits dust emission partially or completely.
Although sediments are present in the system, the source is limited by the availab-
ility of these sediments. At stage (3), when arid conditions prevail, surface moisture
3.4 Alluvial features as sources of mineral dust 25
decreases, vegetation dries out and soil crusts are being disturbed. Now the new
sediment layer that was created during the precipitation event is a perfect setting
for dust emission, if the wind regime allows for particle mobilization. Hence, the
source is limited only by the transport-capacity of the wind system. The sediments
are eroded by wind and after a certain time, the amount of sediments suitable
for emission decreases. At stage (4), the source is "empty" again, dust emission is
at a low level and recharge is required to reinitiate dust activity. However, this is
only a theoretical description of alluvial features and their role in provision of fine
material and dust export. Other processes can coexist and act on the temporal
evolution of these features. Furthermore, the time period in which these processes
take place can strongly differ. Some landforms might go through this cycle each
year, especially those that are affected by an annual precipitation pattern. For
others the time scale can comprise decades, centuries or even millennia.
The following sections describe the main features in arid environments, that are
connected to the presence of alluvial fine material. This is not a complete list but
shall represent the most important, most discussed and most frequent features.
3.4.1 Ephemeral river beds and alluvial plains
Ephemeral rivers are mostly found in semiarid to hyperarid climates. In contrast
to perennial rivers, where a constant water flow is given, water flow of an eph-
emeral river appears for some hours or up to several days, weeks or even seasons.
Furthermore, one river can be perennial at its upper part and ephemeral further
downstream and can change from ephemeral to perennial and vice versa over time
(Seely et al., 2003). Ephemeral rivers are often endorheic, which means their water
flow does not end in an ocean but ebbs away inland or terminates in a lake or
delta. Datry et al. (2014) state that in many parts of the world, a considerable
share of all present rivers are intermittent: at least 30 % of higher order rivers in
the world do not have a constant water flow. Where the slope of an ephemeral
or perennial river systems decreases, the system widens up eventually forming an
alluvial plain, a broad band of sediments within which the river meanders and de-
posits its sediment load. Each flood event can create new river beds or reactivate
historic ones. Over geological time scales, this leads to a complex system of active
and inactive channels that pervade the plain.
3.4.2 Alluvial fans and bajadas
Alluvial fans are strongly connected to ephemeral or (near-) perennial rivers. They
form where a feeder channel releases its solid load (Dorn, 2009) due to a sudden
decrease of the transporting power. Most likely this decrease is provoked by a
reduction of slope or by the lack of confinement walls after the river exits solid
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Figure 3.5: Sketch on the formation of alluvial fine material and dust emission in arid
environments that are influenced by a more or less regular precipitation pattern.
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bedrock (Harvey, 2018), leading to a broadening of the river bed. Hence, alluvial
fans are most likely found at the foothills of mountains, where the river leaves
the consolidated mountain rock and the slope decreases. In warm-arid climates,
alluvial fans are always only part-active (Busche et al., 2005) due to the inconstant
availability of a water flow capable to transport the needed amount of sediments.
Adjacent alluvial fans that form a closed band along the mountain range are re-
ferred to as bajada (Busche et al., 2005).
3.4.3 Playas, salt pans and sabkha
A special geomorphological landform, which is influenced by water and can there-
fore be considered an alluvial landform is a playa, also referred to as salt pan or
with the Arabic word sabkha. Playas are typical desert landforms and are exclus-
ively found in arid regimes. Generally, it can be distinguished between wet and dry
playas: wet playas have a high ground water level close to or at the surface leading
to high evaporation or even fluid outflow and inundation. The evaporating surface
leaves behind minerals, silts and salts. Thereby, a soft and "fluffy" surface forms.
When the evaporation rate decreases, these soft surfaces can turn into rather dur-
able crusts. Dry playas do not have interaction with ground water. Their surface
is generally hard and composed of fine-grained clastic sediments (Reynolds et al.,
2007). The water availability of dry playas is very limited for vegetation as the
hydrophilic clay particles reserve the water molecules. The high salt content of
wet playas also leads to a very low or no vegetation cover (Busche et al., 2005).
3.4.4 Dust activity of alluvial systems
In terms of dust activity, the fluffy surfaces of wet playas with crystallized particles
that form on top are more prone to wind erosion than the consolidated and crusted
surfaces of drier pan systems. The connection between dryness of the pan surface
and its potential in dust emission is depicted by Figure 3.6.
A general statement on sediment availability and size distribution for other alluvial
features is not possible. The grain sizes found within alluvial features are dependent
on several (geo-)physical factors, like elevation, the location within the system, the
surrounding surface structure, the amount of moving water and the time scale in
which sediments are deposited (USDA, 1983). For example, alluvial fans often hold
relatively unsorted sediments with a mixture of large rocks and boulders together
with sands, silts and clay particles. The reason for this is the fast decrease in
flow velocity when the flow exits its narrow valley and widens up. In contrast to
this, sediments are sorted to a high degree within ephemeral or perennial streams.
While in the upper part of these streams larger particles, rocks and boulders are
found, only the fine fraction is transported further downstream leading to the
accumulation of finer particles at the lower parts of the system (USDA, 1983).
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Figure 3.6: Dust activity of wet and dry playas according to Reynolds et al. (2007). The dust
activity decreases with increasing dryness of the playa due to the formation of harder and
consolidated crusts. Figure from Reynolds et al. (2007).
3.5 Alluvial features in dust-emission models
The importance of the alluvial features for the total global dust load are known
and have been measured frequently (Reheis and Kihl, 1995; von Holdt et al., 2017).
However, due to their small size, these features are often underestimated or fully
neglected when estimating or modelling the dust activity of a region, be it because
their size is below the considered resolution, their location is not included in surface
information, or information on their soil texture is not given. A number of examples
can be found in dust research where the underestimation of alluvial features leads
to considerable offsets in the estimation of dust source activity: Schepanski et al.
(2013) published results of an airborne campaign in Mauritania, where a dust
outbreak was measured from a river valley. However, their model approach led to
much lower dust fluxes, which the authors attribute to insufficient soil information
within the model that completely neglects alluvial sediments found in the river
valleys. Along with their global dust source map, Ginoux et al. (2012) state that
the share of hydrological sources might be a lot larger if the small-sized alluvial
features (e.g. river valleys) were considered. In Tegen et al. (2013), the authors
state that fluvial systems are not represented in the model due to their small size
compared to the model resolution. This not only leads to shortcomings in the
sediment information but also to the assumption of too large roughness length
values, which strongly decrease dust emission.
All of these examples show that dust emission and the simulation of particle fluxes
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from the surface cannot only focus on large scale features like basins or depression.
Small scale features have their share in global dust emission and as long as they
are not considered, models are not able to produce realistic results for many parts
of the globe.
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Chapter 4
Climatological and meteorological
controls on dust emission in
Africa
Dust emission is highly dependent on the wind shear stress that affects the surface.
To entrain large amounts of particles and thereby create a considerably large dust
plume, strong wind events are required. For long-range transport, updraft winds or
turbulences that keep the particles in suspension are needed. Hence, dust emission
and transport are strongly connected to local and large scale meteorological events.
The following sections describe large-scale meteorological features that occur in the
dust source regions focussed on in this thesis.
4.1 The atmospheric circulation in Africa
The vast land mass of the African continent stretches across large parts of both
hemispheres and covers the tropics and the northern and southern subtropics.
The weather and climate are strongly influenced by the seasonal shift of the inter
tropical convergence zone (ITCZ) and of the Hadley Cells that develop in both
hemispheres as a consequence of different heating rates of the land surface and near-
surface air masses around the globe. A cross section of the Hadley Cell is depicted in
Figure 4.1. The ITCZ is located where the surface heating is strongest. Here, warm
air masses ascend. An equatorial or near-equator low pressure trough forms in the
lower levels of the atmosphere. The ITCZ is associated with cloud-formation as a
result of the ascending moist air masses. Due to the large temperature differences
between equator and pole, the air in higher levels flows from the equator towards
the poles in the northern and southern directions. These meridional winds are
diverged by the Coriolis force and turned into westerly subtropical jets in higher
tropospheric levels at around 30◦N and 30◦S. In the area of the subtropical jet,
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Figure 4.1: Schematic cross section of the Hadley Cell with inter tropical convergence zone
(ITCZ) and trade wind inversion. From Nicholson (2009).
now cooler air masses descend and form a near-surface high pressure zone. The
descending motion of air in the subtropics leads to a relative heating and thereby
to very dry air, causing the formation of deserts around these latitudes. From the
high pressure belt along the subtropics, air is pushed towards the relative trough at
the near-equator convergence zone. Again these winds are diverted by the Coriolis
force to the western direction on both hemispheres. The resulting north- and south-
easterly winds are referred to as trade winds. On their way from the subtropics
to the tropics, the area that the trade winds need to cover, increases due to the
spherical shape of the globe. To cover a larger horizontal area, the vertical extension
of the trade winds decreases. This leads to a descending motion of air within the
trade wind flow and thereby to an increase in temperature. The trade winds now
form a layer of relative warmer air above the surface-near cooler air layer. This
inversion layer is referred to as trade wind inversion and inhibits cloud formation.
The trade wind situation in the subtropics can hence be associated with very dry
conditions. The height of the inversion layer increases and more and more dissolves
towards the equator allowing for cloud formation and potential precipitation closer
to the convergence zone.
Figure 4.2 shows the atmospheric circulation pattern in Africa for January and
June. The location of the equatorial trough (yellow line) is strongly dependent
on seasonal changes in insulation and on surface heating. However, the area of
maximum surface heating does not always align with strongest solar insulation de-
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Figure 4.2: Sketch of atmospheric circulation over Africa in January and July including the
distribution of main high (H) and low (L) pressure system, location of the ITCZ and resulting
main wind systems. After Weischet and Endlicher (2000).
picted by the location of the ITCZ during northern hemispheric winter: in January,
highest solar insulation is reached at around 23.5◦S. However, over West Africa,
surface heating is still stronger over land than over the ocean surface of the Gulf
of Guinea, leading to relative lower pressure north of the equator. Further east,
the ITCZ then shifts towards southern Africa.
Four large scale high pressure systems in the northern and southern subtropics
are important for the African climate: in the southern hemisphere the St.-Helena
high over the Atlantic and the Indic-Mascarean high over the Indian Ocean, in the
northern hemisphere the Azores high over the Atlantic and a high pressure system
over the Middle East. The trade winds originating from these high pressure systems
are diverted on their way towards the equatorial trough. Depending on the location
of the highs and the equatorial trough, this leads to distinct seasonal climate and
weather conditions for the northern and southern subcontinents.
4.1.1 Some climatological features relevant for dust source activation
in northern Africa
During northern hemisphere winter (Figure 4.2, left), large parts of the Sahara
are influenced by trade winds derived from the northern hemisphere high pressure
systems on their way to the equatorial trough. These winds are referred to as
Harmattan winds. Due to the trade wind inversion, cloud formation is suppressed
and the Harmattan is associated with dry and hot conditions. The main season
of the Harmattan is during northern hemisphere winter when the ITCZ is at its
southernmost position and the pathway across the North African continent is at
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its maximum. For some dust source regions, like the Bodélé depression, these
Harmattan winds are the main mechanism that lead to increased dust activity
(Washington et al., 2006a).
In contrast to trade winds, monsoon winds are usually associated with moist air
masses and precipitation. Monsoons are local phenomena. Their formation is con-
nected to the occurrence of heat-induced low pressure systems over (high-)lands.
The monsoon winds can directly originate from trade winds of the respective hemi-
sphere or from trade winds of the other hemisphere that are diverted after crossing
the equator (Weischet and Endlicher , 2000). A monsoon system that influences
the wind and precipitation pattern of West Africa is the West African Monsoon
(WAM) (Figure 4.2, right). The monsoon winds in West Africa originate from the
Gulf of Guinea and hence bring moist air from the Atlantic Ocean far into the
continent. The WAM is a seasonal phenomenon starting in February and reaching
its maximum in July or August (Engelstaedter et al., 2006). It is not a stationary
situation, it rather appears in pulses leading to regular northward pushes of the
monsoon front (Schepanski et al., 2017). Within these pushes, high amounts of
energy in the form of sensible and latent heat fluxes are transported far into the
dry desert. Dust source activation often takes place where the moist and hot air
meets the dry and cooler air of the Saharan low pressure belt.
At the air mass boundary of the monsoon front, moist convection and the formation
of extratropical cyclones and mesoscale convective systems (MCS) may occur.
These enormous weather phenomena lead to a high degree of turbulence not only
in higher altitudes of the troposphere. Down-bursts of the convective systems, as
depicted by Figure 4.3, reach down to the surface causing strong gusts and upward
mixing turbulences, a perfect setting for dust particle mobilization and entrainment
(Heinold et al., 2013; Roberts and Knippertz , 2012). Especially at the leading edge
of convective storms, strong outflow winds reach the ground and cold air pools
spread out. At the front of these cold pools, turbulent and gusty winds occur that
provoke dust events from small size up to enormous dust storms of hundreds of
kilometres in extent. These cyclone-driven dust events are referred to as Haboobs
(Heinold et al., 2013; Roberts and Knippertz , 2012). Engelstaedter and Washington
(2007) have shown that the dust load in West Africa is highest around the onset of
the monsoon period in June. According to Marsham et al. (2011) haboobs might
be responsible for 50% of dust emission in West Africa during summer.
4.1.2 Some climatological features relevant for dust source activation
in southern Africa
The location of the two oceanic high pressure systems in southern Africa, i.e. the
St.-Helena high over the Atlantic and the Indic-Mascarean high over the Indian
Ocean, dominates weather and climate in southern Africa. Along the southwestern
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Figure 4.3: Schematic cross section of a haboob connected to thunderstorms in deserts. From
Goudie and Middleton (2006), modified after Warner (2004).
coast of the subcontinent, upwelling of cold deep water as part of the Benguela
current leads to year-round low sea surface temperatures in the southern Atlantic
off the coast of Namibia. This strongly stabilizes the St.-Helena high and leads to
very cool and dry trade winds originating from here.
The orography of the southern African subcontinent strongly influences the local
meteorology: the interior of the subcontinent is shaped by a plateau with a height
of 1000-2000 m. Towards the coast, this plateau ends in steep slopes. The rim of
the plateau is referred to as theGreat Escarpment. During southern hemisphere
summer, southeastern trade winds originating from the St-Helena high are elev-
ated along the Great Escarpment, leading to orographic cooling and precipitation.
During southern hemisphere winter, the high pressure systems over the ocean are
often connected by a high pressure ridge over land, when a high-pressure system de-
velops inland over the plateau. However, the meandering westerly waves regularly
bring cold fronts from the southern hemisphere mid-latitudes towards the southern
African tip that are able to disturb the high pressure situation in southern Africa
(Lennard, 2019). In connection to these cold fronts, a weather situation can occur
that is quite unique: the Berg winds. Often they occur in connection to cut-off
lows from the southern cold fronts. These low-pressure systems are trapped above
land between the shore and the escarpment. They are forced to move around the
subcontinent, originating from Namibia around South Africa and towards Mozam-
bique. The clockwise rotation of these low pressure systems leads to air flowing
from relatively lower pressure above the plateau (due to higher altitude) towards
relatively higher pressure at the coastal low lands. On the way down, the air heats
adiabatically, leading to dry and warm winds. On the backside of the coastal low,
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air is moved inland from the ocean which leads to cooler conditions and fog. Berg
winds are a distinctive feature of southern Africa. von Holdt et al. (2017) state that
all dust events they observed along the Namibian coast on MODIS satellite data
were initiated during these north-easterly wind situations. A connection between
dust emission and precipitation, especially the regular inundation of salt pans in
southern Africa, has been stressed by Bryant (2003) and Bryant et al. (2007). The
El Niño Southern Oscillation (ENSO) and the connected anomalies in sea surface
temperature lead to an enhanced Indian Ocean tropical cyclone occurrence during
La Niña phases, which brings more precipitation and therefore increased inunda-
tion of salt pans. However, the direct effects of the ENSO on dust activity has not
yet been quantified.
4.2 The atmospheric boundary layer and nocturnal low
level jet formation
The atmospheric boundary layer is the lowest part of the troposphere and is charac-
terized by turbulent heat fluxes mainly influenced by the diurnal cycle of warming
and cooling of the surface (Garratt, 1994). The vertical extension of the boundary
layer varies during the course of a day as sketched out in Figure 4.4: after sun-
rise, when surface heating starts, mixing of the atmosphere leads to the formation
of a convective boundary layer (CBL), which persists during daytime. The CBL
reaches up a few kilometres, usually less than 2 or 3. However, over deserts, the
CBL can extend up to 5 km during the daytime due to the stronger heat flux from
the surface (Ansmann et al., 2011; Garratt, 1994). During the night time radiative
cooling of the surface leads to a decline in turbulent mixing within the boundary
layer and, in calm conditions, to the formation of a near-surface inversion layer
under which the nocturnal boundary layer (NBL) forms. The inversion dissolves
when surface heating re-initiates in the morning hours.
Connected to the NBL is the occurrence of low level jets (LLJ) during night time.
These strong horizontal winds can form above the inversion layer under specific
meteorological conditions. Due to the nocturnal inversion below, the nocturnal
LLJ is decoupled from the surface (Allen and Washington, 2014; Blackadar and
Tennekes, 1968) and can accelerate to very high wind speeds up to 15 m/s (Black-
adar and Tennekes, 1968). The maximum of the wind speed profile is typically
located within the lower levels of the jet, at around 500 m above ground (Allen
and Washington, 2014; Heinold et al., 2015). The inversion inhibits penetration of
momentum towards the surface and dust emission is suppressed as long as this sys-
tem is stable. However, during morning hours, when the inversion layer dissolves,
turbulent mixing initiates which transports momentum to lower levels. Like this,
strong wind velocities can be reached near the surface, which eventually lead to
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dust particle mobilization, when the threshold velocity is exceeded (Fiedler et al.,
2013).
One mechanism that leads to the formation of nocturnal LLJs is inertial oscillation
(Blackadar , 1957; Fiedler et al., 2013), along the geostrophic wind vector. Geo-
strophic wind occurs when air masses are in motion to compensate for pressure
differences. These air masses are diverted by the Coriolis force leading to an isobar
parallel air flow for which the pressure gradient force and the Coriolis force are at
equilibrium.
In a theoretical system, geostrophic wind would appear for each air package that
is in motion in the atmosphere. However, in reality, geostrophic winds are rarely
found. Factors like surface friction lead to the diversion of air masses from the
geostrophic wind vector. These ageostrophic winds perform inertial waves around
the geostrophic wind vector in the atmosphere. The air within ageostrophic winds is
accelerated to super-geostrophic speeds to compensate for the longer distances they
need to cover due to the oscillating movement. Inertial waves are one mechanism
that provokes highly accelerated nocturnal LLJs. The intensity of the nocturnal
LLJ due to inertial oscillation is dependent on the inertial ageostrophic wind speeds
at the time of decoupling from the surface, when the nocturnal inversion layer
forms, and on the strength of horizontal pressure gradients at meso- and synoptic
scales (Fiedler et al., 2013).
Figure 4.4: Cross section of atmospheric boundary layer. Development of a convective
boundary layer (CBL) during daytime due to surface heating and convection and the nocturnal
boundary layer (NBL) during nighttime. Note that over deserts, the height of the CBL can be
as high as 5 km due to stronger heating of the land surface. Figure adapted from Garratt
(1994) by Cushman-Roisin (2019).
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Another initiator of LLJs is low-level baroclinity due to different cooling and heat-
ing rates of adjacent regions. These pressure differences can arise during day and
night time. However, they are often connected to different cooling rates of specific
features between day and night. An example is the faster cooling of air in higher
terrain compared to the air in a valley. This leads to a pressure gradient from
higher altitudes of a mountain towards the valley and hence to an air flow to com-
pensate for these differences, from which LLJs can arise. Schepanski et al. (2009)
have shown that over complex terrain nocturnal LLJs can be found frequently, due
to these heat differences between mountains and valleys during night. Similar to
this is the different cooling rates of ocean water and adjacent main land leading to
LLJs along the coast. On larger scales, Parker et al. (2005) connect LLJ formation
to the collision of monsoon air and the Saharan heat low over the western central
Sahara during northern hemisphere summer.
In complex terrain, orographic effects can also play a role for the formation of
LLJs, e.g. when ageostrophic winds are channeled within mountain valleys which
further increases their velocity (Samelson and Barbour , 2008).
LLJs often but not always occur during night time. This is due to the nocturnal
inversion layer, which decouples the jet from the surface leading to higher acceler-
ation in the absence of surface friction. Dust activation due to the break-down of
these LLJs takes place during morning hours when the NBL dissolves. The break-
down of the nocturnal LLJ is considered to be highly responsible for dust source
activation in the Sahara (BouKaram et al., 2008; Fiedler et al., 2013; Heinold
et al., 2013; Schepanski et al., 2009), especially as it can occur during different
meteorological situations like during monsoon flow and Harmattan winds (Allen
and Washington, 2014). Schepanski et al. (2009) showed that 65 % of the dust
events observed in the Sahara take place during morning hours from 06:00-09:00
UTC when surface temperature increases and upward mixing starts. Hence, the
breakdown of the nocturnal LLJ is a dominant mechanism for dust source activa-
tion in the Sahara.
Chapter 5
Structure and objectives
The previous sections outlined the importance of fine grained sediments for dust
emission. One source of these sediments are alluvial features that are abundant in
the deserts of the globe. Due to the small size of alluvial features, they are often
not well represented in surface information datasets and are often overlooked in
dust-emission models. To counteract this, the main goal of the thesis is to
understand alluvial features and parametrize them for dust-emission
models. This is done following the three steps:
1. To create an understanding for the spatio-temporal activity of alluvial dust
sources and the interplay between surface sediments and other relevant
factors like meteorology, climatology and surface characteristics.
2. To develop an automatic approach to identify alluvial features from globally
available satellite data and to parametrize this dust source type for dust-
emission models.
3. To replicate the observed dust activity from the identified alluvial sources
with a dust-emission model in both its spatial and temporal variability in
activity.
The thesis is structured around two study areas: one is located in the central
Sahara around the Aïr Massif in Niger (Chapter 8). The Sahara is the largest and
most important dust source in the world and a better understanding of source
regions here is crucial to better estimate the total atmospheric aerosol load. The
analysis in the Sahara aims at understanding the dust activity from alluvial sources
in connection to other relevant factors and to show how these findings can be
implemented in a dust-emission model.
The second part of the scientific work performed in the course of this thesis focusses
on a study area located in Namibia (Chapter 9). Here, two alluvial source types
are analyzed: ephemeral river beds along the Namibian coast and the Etosha pan,
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Figure 5.1: Aims and structure of the analysis steps presented in this thesis.
a large salt pan which is highly influenced by water inflow and inundation. The
aim of this study is to apply the approach developed in the first part and to use
it as basis of a climatological analysis of atmospheric patterns relevant for dust
activity in southern Africa.
Figure 5.1 presents an overview on the main aims and the structure of the thesis.
It shows the dust source types that are analysed and the scientific questions that
are addressed in each of the two study areas.
Chapter 6
Data
The Data section of this thesis describes the various datasets used in the scientific
analyses of this work. Many of these datasets are derived from satellite observations
and operational products based on these observations. Further, data from the
numerical weather prediction forecast model of the European Centre for Medium-
Range Weather Forecasts (ECMWF) are used. The chapter is subdivided into
three parts: Chapter 6.1 describes the products that are used to estimate the
atmospheric dust load and its sources, Chapter 6.2 presents the data deployed to
describe features of the land surface, Chapter 6.3 outlines the data used to quantify
meteorological features, namely wind, geopotential and precipitation.
6.1 Atmospheric dust load and dust source determination
Analyzing dust activity at high temporal and spatial resolutions is a challenging
task. Dust storms are discrete phenomena in both space and time. Hence, the
analysis of dust storms and dust source activity is dependent on suitable data.
Especially in deserts, observational data availability is low. Marsham et al. (2013)
state that the network of routine meteorological measurements in the Sahara is
the sparsest of all landmasses in the world. Wang (2015) has reviewed informa-
tion sources to study dust activity in the various dust source regions of the globe
and subdivides between ground- and satellite based systems. Ground-based data
sources comprise synoptic stations, some of which collect information on general
weather conditions and several codes for dusty conditions are included. Further,
some stations collect visibility data, which may help to identify periods with in-
creased aerosol load. However, both of these methods are based on personal judge-
ment. Another data source can be in-situ measurements of air quality from ground-
based observation networks that perform atmosphere composition measurements
or estimate the aerosol concentrations through the aerosol optical depth (AOD), a
measure of the diminution of incoming solar radiation through the atmosphere by
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particles. One global network that collects AOD data is the AERONET (AErosol
RObotic NETwork) - a federation of ground-based remote sensing aerosol meas-
urement stations (Holben et al., 1998). Ground-based stations can help to deliver
quality data in high temporal resolution. They are, however, strongly localized and
their spatial availability strongly depends on the network density.
A better spatial coverage with a consistent temporal frequency can be derived
from satellites and the products derived from their observations. Aerosol and dust
products have been derived from passive and active sensors, from geostationary
and polar-orbiting satellites, and have been applied with varying success. One
main problem that affects most satellite systems is cloud cover and low temporal
resolution due to low revisiting rates.
Here, data of two satellite sensors, i.e. MODIS and SEVIRI, are presented that are
utilized to analyze dust activity in the two study areas and to validate the model
results. The advantages and disadvantages of both products are discussed in the
respective scientific sections.
6.1.1 The MSG SEVIRI Desert-Dust-RGB product
With the start of the Meteosat Second Generation (MSG) satellite series in 2004,
data availability for Africa, Europe and the Arabian Peninsula highly increased.
The MSG satellite in its role as European weather prediction satellite, is located
at the geostationary position at 0◦N/0◦E, above the Gulf of Guinea. During the
period covered in this thesis, MSG-3 (also known as Meteosat-10) was in charge,
which was replaced by MSG-4 (Meteosat-11) in 2018.
The Spinning Enhanced Visible and InfraRed Imager (SEVIRI) mounted on MSG
captures the full disc with a temporal resolution of 15 minutes (Schmetz et al.,
2002). SEVIRI’s eleven spectral bands cover visible to infrared (IR) wavelength
ranges with a nadir-resolution of 3 km at the equator. Additionally, it delivers a
panchromatic band with a nadir resolution of 1 km (Schmetz et al., 2002). Due
to its position and its spectral capabilities it is perfectly suitable not only to
monitor weather phenomena in Europe, but also for the observation of atmospheric
processes over the African and Arabian deserts in general and dust emission in
particular (Banks and Brindley, 2013; Banks et al., 2018; Schepanski et al., 2007).
Over oceans, dust plumes are easily detectable on true color RGBs, while over
bright land surfaces like deserts, this becomes more difficult. To counter this, EU-
METSAT offers a Desert-Dust-RGB product based on SEVIRI data to visualize
atmospheric dust (Lensky and Rosenfeld, 2008). This dust product uses the bright-
ness temperatures (BT) of three SEVIRI IR channels, i.e. the 12.0 µm, the 10.8µm,
and the 8.7 µm channels and their brightness temperature differences (BTD), i.e.
BTD12.0-10.8 and BTD10.8-8.7, to detect atmospheric dust over the Sahara (Banks
and Brindley, 2013; Schepanski et al., 2007). According to Lensky and Rosenfeld
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(2008), three main characteristics are important for dust detection from these BTs
and BTDs:
1. The emissivity of large quartz particles of the desert surface at 8.7µm is low
compared to the higher emissivity of smaller quartz particles as they occur
in atmospheric dust. This leads to a higher BTD10.8-8.7 for dust containing
airmasses compared to clear sky conditions.
2. The BTD12.0-10.8 is decreased for dusty conditions compared to clear sky
conditions
3. The Thermal emissivity of BT10.8 is decreased due to the lower temperature
of the atmosphere compared to the land surface, which is the main reflector
under clear sky conditions.
The Desert-Dust-RGB product takes advantage of these characteristics by using
BTD12.0-10.8 for the red (R), BTD10.8-8.7 for the green (G), and BT10.8 for the blue
(B) beam of the RGB image. On this composite, dust plumes appear in pink
color and are, at least with some experience, easy to spot, especially in cloud-free
conditions. Due to the constriction on IR-bands, this method is applicable during
day and night time. Figure 6.1 shows an example of the RGB product and the main
features of the atmosphere and land surface that are recognizable in the imagery.
It can be noticed that dust plumes occurring during large parts of the Sahara on
that day are easily detectable due to their pinkish color.
6.1.2 MODIS Deep Blue (DB) Collection 6.1
Terra and Aqua are two satellites of the NASA Earth Science satellite mission.
Both carry the MODIS (Moderate Resolution Imaging Spectroradiometer) instru-
ment, which offers 36 spectral bands in spatial resolutions of 250m, 500m and
1km. These spectral bands cover wavelengths from 0.405µm to 14.385 µm. To-
gether, Terra MODIS and Aqua MODIS cover the full Earth’s surface within 1-2
days (see MODIS webpage https://modis.gsfc.nasa.gov/). Based on MODIS
data, higher level products are produced through the MODIS Adaptive Processing
System (MODAPS). These products describe features and processes of the atmo-
sphere, and of land and ocean surfaces. Products based on MODIS data have been
used to study processes and trends of the land surface and the atmosphere and
have been applied in model development and improvement (see review paper of
Balsamo et al. (2018)). The MODIS derived datasets include a number of global
aerosol products that are derived operationally - one of which is the MODIS Deep
Blue (DB) aerosol product. In comparison to other MODIS based aerosol retriev-
als, e.g. the Dark Target product, DB works best over bright surface like deserts
without having problems to discriminate between the bright land surface and the
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Figure 6.1: Subset of MSG SEVIRI’s Desert Dust-RGB taken on 12 May 2015 14:00 UTC.
Pointed out are the main features of the atmosphere and land surface that are detectable from
the RGB image. Image provided by EUMETSAT.
(often also bright) airborne aerosols. This is due to the consideration of the near-
UV band at 412 nm (sometimes referred to as deep blue band) in the DB algorithm
over bright surfaces. On this band, visibly bright surfaces appear dark, which en-
ables the discrimination of these surfaces from aerosols. The original DB algorithm
goes back to Hsu et al. (2006, 2004). Its creation can be summarized in five steps.
(1) a cloud screening is applied on the original MODIS scenes. (2) For each pixel
location of the land surface (geolocation), the reflectance is derived from a clear-
scene database. (3) The reflectance at 412 nm, 470 nm and 670 nm of the could
screened MODIS scenes are compared to these reference reflectances according to
look-up tables that consider a number of different sensor geometries and surface
reflectances. (4) A mixing ratio of smoke and dust is calculated for the measured
reflectances to best fit the calculated reflectances. For the identified mixing ratio,
the values of daily optical depth and single scattering albedo are given at three
wavelengths (412, 550 and 670 nm). (5) The original pixel values at 1 km resolu-
tion are interpolated on a 10 km x 10 km grid (Baddock et al., 2009; Ginoux et al.,
2010).
While earlier version of the MODIS DB algorithm (Collection 5) are restricted to
bright surfaces, the current MODIS DB Collection 6.1 delivers aerosol data for
both, bright and dark (e.g. vegetated) land surfaces. Here, the aerosol products
MYD04_L2 (Aqua) and MOD04_L2 (Terra) are used that include DB information
in the original 10 km resolution together with a large number of other retrievals
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including the DB Angstrom Exponent (AE) for the same wavelengths (412, 550 and
670 nm). The AE is a measure that is used to determine particle sizes and hence to
discriminate between different aerosol types. The equator crossing time of MODIS
Terra and Aqua is at 10:30 am and 1:30 pm local solar time, respectively. Hence,
two DB datasets are available daily that have a temporal distance of approximately
3 hours.
6.2 Data on land surface features
To understand the geomorphology of the study areas, satellite derived products
based on passive (MODIS, Sentinel-2) and active (SRTM) sensors are used, that
are presented in the following sections.
6.2.1 MODIS Terra surface reflectance
The MODIS Terra MOD09A1 V6 product offers an estimate of surface reflectances
of the MODIS bands 1 to 7 as best estimate from an 8-day acquisition period at
a resolution of 500m (see data information webpage: https://lpdaac.usgs.gov/
products/mod09a1v006/). The seven bands that are included in the product cover
wavelengths from visible blue light (459 - 479 nm) to shortwave infrared (2105 -
2155 nm). The reflectance bands are corrected for a number of atmosphere para-
meters including gases, aerosols and Rayleigh scattering. The surface reflectance
data is used to create a water mask and to derive a map of the distribution of
alluvial fine material in the study area in Namibia. Both approaches are described
in detail in Chapter 7.
6.2.2 MODIS Aqua NDVI
The MODIS Aqua MYD13A3 V6 product is an NDVI (Normalized Difference
Vegetation Cover) product, that shows the distribution of healthy vegetation (see
Didan (2015)). The NDVI is derived from the ratio of reflectance data in the red
and NIR wavelength ranges, as depicted in Equation (6.1):
NDV I = red−NIR
red+NIR. (6.1)
It is considered to be sufficiently robust to reflect seasonal and inter-annual changes
in vegetation cover. Due to its rationing character, the advantage of the NDVI com-
pared to other vegetation indices is its reduction of noise, which may be present
throughout a larger part of the reflectance spectra, and which is induced by atmo-
spheric, topographic or sensor geometry based factors (Huete et al., 2002).
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Table 6.1: Sensing date and row number of Sentinel-2 images used for the detection of dust
source regions.
# Sensing date Row Number
1 03 May 2016 R079
2 02 Jun 2016 R079
3 16 May 2016 R122
4 05 Jun 2016 R122
The MYD13A3 V6 product is available globally in a resolution of 1 km × 1 km
for each month. The monthly dataset is based on the best available pixel in means
of low cloud cover, low view angle and highest NDVI data of each month. In this
thesis, the MYD13A3 product is used to monitor the vegetation cycle and its rela-
tionship with dust activity. Further, it is used as an important input information
for the dust-emission model. For the implementation of the NDVI into the model,
the values are translated into the parameter Fraction of absorbed Photosynthetic-
ally Active Radiation (FPAR) (see Section 7.6.3).
6.2.3 Sentinel-2 data and atmosphere correction
Optical remote sensing data is used to derive information on the sediment supply
of a dust source region to be implemented in the dust emission model. For this
purpose, data of ESA’s Sentinel-2 satellite is retrieved. The Sentinel-2 satellites
were launched in 2015 (Sentinel-2A) and 2017 (Sentinel-2B), and are conceived to
complement other medium to high resolution multispectral satellites, e.g., Landsat
and SPOT, and thus to improve data coverage and availability for the land surface
(Drusch et al., 2012). The Multispectral Instrument (MSI) aboard the Sentinel
satellites samples at 13 spectral bands, four bands at a resolution of 10m, six
bands at a resolution of 20m, and three bands at 60m (Fletcher , 2012), which
cover visible and near infrared (NIR) to short wave infrared (SWIR) wavelengths.
The Sentinel-2 imagery used here were downloaded from the Copernicus Open
Access Hub (https://scihub.copernicus.eu/dhus/) as Level 1C products. The
images are used to estimate the sediment availability of the study area in the Aïr
Massif. To cover the study area, four images are needed. The sensing dates and
row numbers of the used images are depicted by Table 6.1.
The Level 1C data comes as top-of-atmosphere (TOA) reflectance data in car-
tographic geometry. This means that atmospheric effects (aerosol load, water
vapour content) may affect the quality of the data. An atmospheric correction
is applied to eliminate these effects and to transform the TOA into bottom-of-
atmosphere (BOA) reflectances. The atmospheric correction is performed using
the ESA-supported third-party command-line plugin Sen2Cor. Sen2Cor uses a
large database of look-up tables (LUTs) derived from radiative transfer functions
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for a wide range of atmospheric conditions, solar geometries, and ground eleva-
tions. The LUTs are available at a very high spatial resolution of 0.6 nm and are
spectrally resampled to the resolution of the Sentinel-2 sensor. Like this, sensor-
specific functions are obtained that are used in the transformation of the data
(Mueller-Wilm, 2016). The main steps of the correction process include the es-
timation of aerosol optical thickness and water vapour and the removal of cirrus
clouds (for more detail see Mueller-Wilm (2016)). The results of the atmospheric
correction are Sentinel-2 image bands that are corrected for cloud-, aerosol- and
water vapour effects. The Sentinel-2 data are resampled to a resolution of 40 m.
6.2.4 HydroSHEDS flow accumulation
To estimate flow accumulation and catchment size, the HydroSHEDS (Hydrolo-
gical data and maps based on SHuttle Elevation Derivatives at multiple Scales)
product (Lehner et al., 2008) is used. The product is based on NASA’s SRTM
(Shuttle Radar Topography Mission) and can be downloaded from https://
hydrosheds.org/. It offers georeferenced hydrographic information, e.g. river net-
works, watershed boundaries, drainage directions and flow accumulation (FA). The
latter is used to study the number of upstream pixels and the possible amount of
fine material that is accumulated in each of the pixels. The data are derived in the
highest resolution of 15” (approx. 30m).
6.3 Meteorology
6.3.1 ECMWF wind data
Due to the low distribution of synoptic stations in remote areas, the meteorological
understanding in this thesis is mainly based on data derived from ECMWF. To
quantify the connection of dust emission and wind speed and as driver for the
uncoupled dust emission simulations, u- and v- (variables 165 and 166) wind field
data at 10 m height derived from the ECMWF forecast model are used (Owens
and Hewson, 2018). The data are available at a grid spacing of 0.1◦ × 0.1◦ and at
a temporal resolution of 3 h for the years 2005 to 2011 and of 1 h for the years
2012 to 2017.
6.3.2 ECMWF geopotential
The geopotential is a measure of the gravitational energy of a unit air mass at
a particular location relative to the mean sea level. The geopotential height at
constant pressure levels can be used to identify weather patterns and the location
of high and low pressure systems. The ECMWF model offers information on geo-
potential height (variable 129) in a resolution of 0.5◦ × 0.5◦ for five pressure levels
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(500 hPa, 700 hPa, 850 hPa, 925 hPa and 1000 hPa). The 850 hPa geopotential
height is derived for southern Africa to analyze the general meteorology and the
atmospheric states that lead to increased dust activity in the study area.
6.3.3 TRMM precipitation estimates
Precipitation information is used to monitor the influence of precipitation on sur-
face characteristics like vegetation growth and the formation of alluvial sediments
in the study area of the Sahara. Here, a complex terrain is given by the mountain
range, precipitation rates are considered to be highly variable in their spatial and
temporal distribution. Precipitation data for the analysis are hence required on a
high spatial and temporal resolution.
To achieve spatially and temporally accurate information on precipitation rates
within the study area, a satellite based precipitation estimate is used: the Trop-
ical Rainfall Measuring Mission (TRMM) Multisatellite Precipitation Analysis
(TMPA) 3B42 database (Huffman et al., 2007). It is composed of satellite rainfall
estimates based on microwave and infrared measurements from different platforms
and recalibrated using surface gauge data. It is available in a temporal resolution
of 3 hours with a quasi-global coverage (50◦N - 50◦S) and a spatial resolution of




7.1 Dust source activation frequency from MSG SEVIRI
The MSG SEVIRI Desert-Dust-RGB product can be used to determine the dust
activity of a source region. For this, the back-tracking method introduced by Schep-
anski et al. (2007) is applied. The method takes advantage of the high temporal
resolution of the product. The pinkish dust plumes spotted on the imagery are
manually traced back to their origin by clicking through the 15-minutes compos-
ites in reverse. The origins of these dust plumes mark the dust sources. For the
study area in the central Sahara, the back-tracking method is applied for the full
investigation period from January 2013 to December 2016. Each dust plume that
occurred during this time span and that is visible on the imagery, is traced back
to its origin and is mapped on an overlaying, regular grid with a resolution of
0.5◦ x 0.5◦ ranging from 2◦E to 13◦E and from 14.5◦N to 22◦N. The result is a
dust source activation frequency (DSAF) map (compare Schepanski et al. (2007))
which shows how often each grid cell was active during the four years. This allows
for determining areas of high dust emission activity and to monitor not only the
total number of dust events from each grid cell, but also the temporal variability
in activity.
As the IR dust signal is strongly sensitive to factors like dust optical properties,
surface emissivity, atmospheric conditions and dust layer height (Banks et al.,
2019), an automatic approach is difficult to apply on the product. The manual
back-tracking approach hence has the clear advantage to be able to detect the
true sources of the dust plumes, due to the high temporal resolution and due to
the expert knowledge that is induced by the operator. Although the approach is
labour-consuming, it can be considered to be one of the most accurate approaches




7.2 MODIS DB dust optical depth (DOD) and frequency
of observation (FOO)
In contrast to the back-tracking method used in the central Sahara, a more auto-
matic approach is applied in the Namibian study area to determine source regions
of mineral dust. A number of studies have shown that DB aerosol optical depth
(AOD) data can be used to derive the dust optical depth (DOD) (eg., Baddock
et al., 2009, 2016; Ginoux et al., 2010, 2012). The DOD gives the share of total
AOD that is derived from mineral dust aerosols. To make the daily products com-
parable, each daily dataset of Terra and Aqua is projected on a regular 0.1◦ x
0.1◦ grid. The DOD is extracted from the AOD by thresholding out other aer-
osols. Generally, the area is strongly influenced by three main types of aerosols:
biomass burning aerosols that are transported southward from wildfires in Angola
or that are created in local wildfires, sea spray aerosols along the coast and dust
from local sources and transported dust from distant southern African sources.
The Angstrom Exponent (AE) allows for the separation between dust and bio-
mass burning aerosols. The finer biomass burning aerosols lead to higher values of
the AE than the larger dust particles. Different thresholds have been applied to
discriminate between the two aerosol types: while Ginoux et al. (2010) use an AE
of 0, other studies apply larger values (e.g. AE < 0.3 (Baddock et al., 2016) or AE
< 0.6 (Schepanski et al., 2007)). Here, the relatively tolerant value of AE < 0.6 is
used. To disciminate between sea salt and dust, the single scattering albedo (SSA)
is taken into account. A threshold of SSA < 1 is used (compare Ginoux et al.
(2012) and Baddock et al. (2016)). The resulting DOD is considered as a dust case
when its value is equal to or above 0.2. Like this, each daily pixel value is classified
as dust / no dust. The frequency of observations (FOO) gives the number of days
with dusty conditions, i.e. where DOD ≥ 0.2. The datasets of Terra and Aqua are
analysed separately. Due to the different overpass times (Terra before, Aqua after
noon), two time steps are available for each day.
7.3 Extraction of sediment supply information
For the automatic extraction of sediment supply from alluvial fine material, an
approach was developed that uses optical remote sensing data together with data of
the HydroSHEDS flow accumulation. For the Saharan dust source region, a second
approach is used, which can be seen as a simple and fast method to identify bright
sandy surfaces (sand sheets/dunes). Especially in recent years, more and more
focus was set on dunes and sand sheets as being important geomorphic features
for dust emission (Baddock et al., 2016; Crouvi et al., 2012; Huang et al., 2019).
The sediment supply information of dunes/sand sheets and of alluvial features is
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combined into a sediment supply map (SSM) for the Saharan study area. For the
study area in Namibia, only the sediment supply from alluvial features is extracted.
The SSM is directly implemented in the dust-emission model in both study areas.
The approach outlined in the following subsections (7.3.1 and 7.3.2) has been pub-
lished in a similar form in Feuerstein and Schepanski (2019), pp.6-9 and outlines
the creation of alluvial sediments map and dunes and sand sheets map specifically
from Sentinel-2 imagery for the Saharan study area.
7.3.1 Alluvial sediment map1
Parajuli and Zender (2017) developed an approach to detect sediments accumu-
lated by flowing water, taking into account the spectral characteristics of a surface
together with the geomorphology of the landscape. In this study, a similar but
improved approach is presented to localize alluvial sediments in the study area
more accurately and in higher resolution. The approach includes two levels of in-
formation, the geomorphic erodibility introduced by Zender et al. (2003) based
on digital elevation information and spectral information of visible and infrared
wavelengths derived from the Sentinel-2 satellite.
The flow chart in Figure 7.1A shows the main steps to derive the alluvial fines map
(AFM). The geomorphic erodibility takes into account the position of each pixel
in the local digital elevation model (DEM), from which the respective upstream
area is derived. It assumes that a larger upstream area allows for a stronger accu-
mulation of sediments in the respective pixel, leading to a theoretically increased
amount of available sediments proportional to the upstream area. Similar to Pa-
rajuli and Zender (2017), we used the HydroSHEDS flow accumulation (FA) data-
set (Lehner et al., 2008). This dataset is based on the DEM derived from NASA’s
Shuttle Radar Topography Mission (SRTM) and gives the number of upstream
pixels for each pixel of the dataset. Hence, it gives information on the location of
each pixel within the regional catchment area.
The left leg of Figure 7.1A shows the processing steps from the original FA data to-
wards the normalized and compressed FAlog100 dataset: first, the global FA dataset
is subsetted to the extent of the Sentinel-2 mosaic. The resulting image pixels hold
values between 0 for relative mountain ridges compared to the surroundings and
more than 1,000,000 for pixels far downstream of fluvial systems. To compress this
wide range of values, the data is treated with a logarithmic operation as follows:
FA′log100 = log100(FA) (7.1)
where FA is the original value of the HydroSHEDS flow accumulation data and
FA’log100 the resulting value. The second step linearly normalizes the FA’log100 using
1Taken from Feuerstein and Schepanski (2019), pp.6-8.
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a minimum–maximum normalization. The final parameter FAlog100 holds values
between 0 and 1 where values close to 1 mark pixels with a large upstream area
and accordingly have a higher potential to be supplied with fresh sediment layer
that come with surficial runoff.
Figure 7.1: (A) Extraction of Alluvial Fines Map (AFM) from HydroSHEDS flow
accumulation dataset and Sentinel-2 bands B12, B7, and B4; and (B) derivation of Dune/Sand
Cover Map (DSM) from Sentinel-2 bands B4, B3 and B2 and their integration into a Sediment
Supply Map (SSM). Figure taken from Feuerstein and Schepanski (2019), their Figure 2.
Since the position of a pixel in the hydrological catchment only gives theoretical
information on the possible accumulation of sediments, the information on the
actual area covered by alluvial sediments is still limited. To supplement the geo-
morphic erodibility information, spectral information of the Sentinel-2 satellite is
included to make use of the distinct spectral behavior of fine alluvial sediments. It
is well known that these sediments found in river beds and playas have an effect
on the reflectance of a surface: an increased brightness has been detected through-
out the whole spectra from visible to near infrared (NIR) and shortwave infrared
light (SWIR) (El Bastawesy et al., 2009) and has been used for the detection of
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potential dust sources (Parajuli and Zender , 2017).
The right line of the flowchart presented in Figure 7.1A outlines the processing
steps: first, a false color RGB image is created from three Sentinel-2 bands, i.e.,
B12 (2190nm, SWIR) for the red, B7 (783nm, NIR) for the green and B4 (665nm,
red visible) for the blue band of the composite. On this RGB image, fluvial sys-
tems and playas are clearly detectable by eye as they are marked by very bright
(white) to bluish color (see Figure 7.2A). For the automatic extraction of the allu-
vial sediments, this RGB image is transformed into the HLS (hue, lightness, and
saturation) color space (Ford and Roberts, 1998), a linear transformation of the
original RGB color. As there exist a number of slightly different configurations for
this transformation, the formation of the hue (H-) band used for this study is rep-
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with M being the maximum value of the three RGB bands for each pixel and maxc
and minc being the maximum and minimum value of the RGB bands, respectively.
The resulting H-band shows increased values for areas where alluvial sediments
are found. This reveals an interesting feature of those pixels that hold alluvial
sediments: for most surfaces, M equals R, hence the first part of Equation (7.2)
becomes effective. However, alluvial fines have a higher reflectance in the NIR
compared to the SWIR and M equals G. The second part of Equation (7.2) comes
into play where a constant of 2 is added, leading to higher values of H’ and H.
Hence, H is increased where alluvial sediments are found. Figure 7.2 shows an
example of this transformation for a river bed in the study area. On the false color
RGB image shown in Figure 7.2A, the fine sediments of the river bed appear in a
very bright bluish color. These structures are preserved on the transformed H-band
depicted by Figure 7.2B, while the rest of the surface has very low hue values and
therefore vanishes.
To integrate the information of the geomorphic erodibility and the H-transformed
band into an alluvial fines map (AFM), the two layers are multiplied:
AFM ′ = FAlog100 ∗H (7.4)
AFM’ is finally normalized to 0.2, a value that can be observed in the study area
for very large and bright ephemeral river basins. The final AFM map holds values
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Figure 7.2: Example of a river bed in the study area in the Sahara on: (A) the Sentinel-2 false
color RGB image created from bands 12, 7, and 4; and (B) the extracted H-band derived from
the HLS transformation of the RGB image. The figure is taken from Feuerstein and Schepanski
(2019), Figure 3 in there.
from 0 to 1, where values close to 1 represent pixels with a large upstream area
and a high value of the H-band.
7.3.2 Dune and sand sheets map2
There is an ongoing discussion on the importance of sand dunes for dust emission.
The sand particles themselves are considered to be too heavy to be suspended
and transported over distances larger than a few meters. However, observational
comparisons between surface types and dust emission frequency suggest that sand
dunes are still able to provide enough fine particles to produce a considerable
amount of dust (Baddock et al., 2016; Crouvi et al., 2012). Two processes attempt
to explain this discrepancy: (1) aeolian abrasion, the breakdown of sand particles
that are in motion and collide with other (sharp) particles; and (2) the break-off of
clay or mineral coating from the sand particles (Huang et al., 2019). Similar to the
distribution of alluvial sediments, there is not much high resolution information
on the distribution of sand dunes and sand sheets for most parts of the Sahara.
For example, the INQUA Dunes Atlas (Lancaster et al., 2015) only includes one
single dune in the whole study area, while the Harmonized World Soil Database
(FAO/IIASA/ISRIC/ISSCAS/JRC , 2012), which was used byCrouvi et al. (2012),
solely shows the presence of four different surface types in the study area, neither
of them being a particularly sandy surface. However, the existence of sand dunes
2Taken from Feuerstein and Schepanski (2019), pp.8-9.
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and sand sheets is clearly visible on Google Earth and the Sentinel-2 imagery. To
determine the distribution of sand sheets and dune fields in the study area, a rather
simple approach is used that is based on the high brightness of sand sheets and
dunes (Hugenholtz et al., 2012) in the visible range of the wavelength spectrum.
Similar to the approach presented in the previous section, an RGB composite of
Sentinel-2 bands is created, this time consisting of Sentinel-2 bands 4, 3, and 2
(true color composite). Again, this composite is transformed into HLS color space.
The resulting lightness (L-)Band is used, which is defined by
L = max(R,G,B) +min(R,G,B)2 . (7.5)
The L-band gives information on the brightness of the surfaces in the visible light.
As it is known that sand sheets and dune fields are some of the brightest surfaces,
the uppermost 20% of highest L-band values are assigned to the dune/sand sheets
map (DSM).
7.4 Water mask creation for Etosha pan
The Etosha pan in Namibia is one of the most important dust sources in southern
Africa. Here, dust activity strongly interacts with surface water of regular innund-
ation events (see also Bryant (2003)). To successfully model dust activity from
the pan, it is inevitable to consider water cover information in the dust-emission
model. This allows the monitoring of the interaction between water cover and
dust emission from month to month and from year to year. For this, a water mask
is created using reflectance data of the MOD09A1 product. From this dataset,
the normalized difference water index (NDWI), described by McFeeters (1996), is
calculated using the MODIS band 4 (545 - 565µm, Green) and band 6 (1628 -
1652µm, SWIR) by applying Equation (7.6):
NDWI = Green− SWIR
Green+ SWIR. (7.6)
The NDWI has been applied to monitor lake and wadi dynamics in desert envir-
onments in other studies (e.g., Deus and Gloaguen, 2013; Xu, 2006). Similar to the
NDVI, the NDWI ranges between -1 and 1. The water index is transferred into a
water mask by thresholding the index. A threshold of 0.4 was found to best separ-
ate pixels with water cover from those that are free of surface water by comparing
the resulting water mask with true color satellite composites. Pixels that hold val-
ues above this threshold are assigned to the "water cover" class, while values below
are classified as "no water cover". The water mask is created on a monthly basis
and for the full model period from 2005 to 2017. The water mask has been qualit-
atively checked by comparison to true color MODIS imagery provided by NASA’s
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Worldview webpage (https://worldview.earthdata.nasa.gov/). This compar-
ison shows an excellent consistency between the water mask and water coverage
visible from the true color data for the Etosha pan.
7.5 EOF analysis
The climate system and its variation is the result of a complex and non-linear
interplay between a large number of variables (Hannachi, 2004). Empirical ortho-
gonal function (EOF) analysis, also known as Principal Component (PC) analysis,
is a statistical method to extract important patterns from a complex database by
reducing the number of variables of the original data to a few variables without
losing much of the explained variance. Hence, EOF analysis reduces the dimen-
sionality of the input information by detecting the most important patterns or
modes that explain the variation in the system (Hannachi, 2004; Sun et al., 2012).
This makes EOF analysis particularly interesting in Earth and atmospheric sci-
ences, as the most important EOFs can often be physically interpreted and can
thereby give substantial insight into complex atmospheric processes on spatial and
temporal scales (Weare and Nasstrom, 1982).
EOFs are created from the input data using a series of time-independent basis
functions. Thereby, each basis function is orthogonal to all prior basis functions
and is chosen to explain the maximum of the residual variance. The basis functions
are determined from the eigenvalues of the covariance matrix of the input inform-
ation. From the basis functions, PCs and associated time coefficients are derived
together with a measure of the fraction of variance that is explained by each com-
ponent (Weare and Nasstrom, 1982). The resulting EOF patterns are constant in
space and time, but vary in their amplitude, hence representing a standing oscilla-
tion (Roundy, 2015). The amplitude is given by the respective PC that holds the
associated time series.
EOF analysis has been introduced to meteorology by Lorenz (1956) and has been
used since in many applications in the field of meteorology and climatology, for
example to identify weather patterns or hydrological extremes (Sun et al., 2012).
Since dust emission and transport are highly connected to pressure patterns and
the resulting wind velocities and directions, EOF analysis can help to system-
atically understand dust emission and transport processes over larger scales and
longer time periods. This has been done for example by Schepanski et al. (2016),
who determined two relevant climatological phases in an EOF analysis of the 850
hPa geopotential height, which lead to distinct transport pathways of mineral dust
from the Sahara. Something similar has been done by Wong et al. (2006) by ana-
lysing the evolution of the Saharan air layer and the connected dust transport
using EOFs. Evan et al. (2016) use EOF analysis of 10 m winds to explain the
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variability of dust emission from the Sahara and use their findings to project future
dust.
In this thesis, EOF analysis is used to identify patterns of geopotential height at
850 hPa in the southern African region that lead to increased dust emission from
Namibian sources. The 850 hPa information is based on the ECMWF geopotential
data at 00:00 UTC for each day (see Section 6.3.2). The restriction to midnight
geopotential assures that the diurnal variability due to different heating rates of
the air packages does not affect the results. The analysis is performed using the
python library eofs (see Dawson (2016)), an excellent package to handle large data
bases and conveniently extract the EOFs and corresponding PCs.
7.6 The oﬄine dust-emission model
The oﬄine model used in this thesis simulates the dust flux at the surface. The
model has first been presented in Tegen et al. (2002). It uses the dust production
scheme of Marticorena and Bergametti (1995), which has been outlined in detail
in Section 2.4. The most important features of the formulation are summarized in
the following:
1. The threshold velocity Uth*, which marks the minimum wind speed for which
particle mobilization can take place, is dependent on the size of available
aggregates Dp, the roughness length of the overall surface Z0 and the aero-
dynamic roughness length of the erodible part of the surface z0S (see Section
2.3 equation (2.2)).
2. Particle mobilization yields in the formation of a horizontal dust flux G (Sec-
tion 2.4 equation 2.4) and a vertical dust flux F (Section 2.4 equation 2.5)
(White, 1979).
3. Marticorena and Bergametti (1995) link the two fluxes F and G using the
dust production efficiency α, an empirical factor that is calculated from the
percentage of clay in the topsoil (see Section 2.4 equation 2.6).
Due to its oﬄine character, the model does not calculate the meteorology in the
model domain nor the transport of dust in the atmosphere. It is driven by ex-
ternal wind data taken from the ECMWF forecast model. The grid spacing of the
forecast wind data is 0.1◦ x 0.1◦. This also determines the resolution of the model
output. The dust flux at the surface is calculated as kg/m2/s. According to the
main features of the Marticorena-Bergametti scheme that are outlined above, the
surface dust flux can be calculated using information on (1) the soil size distribu-
tion and the resulting factor α, (2) the surface roughness and (3) the vegetation
type and density. The following sections describe how this information is created
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and how it is included in the model.
Subsections 7.6.2 and 7.6.3 have been published in a similar form in Feuerstein
and Schepanski (2019) pp. 11-12.
7.6.1 Determination of the dust production efficiency α
The factor α divides the total particle flux into the horizontal flux G and the
vertical flux F. According to Marticorena et al. (1997), α can be calculated from
the clay content of the topsoil. Chatenet et al. (1996) have shown that in the
Sahara, any soil can be described as a mixture of four mineralogical populations,
i.e. alumino-silicated silts, fine sand, coarse sand and salts. To each of these four
populations, a statistical clay content is assigned, which is presented in Table 7.1.
Table 7.1: Percentage of clay content of four mineralogical populations determined for desert






In both study areas, the topsoils are described using these four populations. The
approaches to determine the composition of the soil types is slightly different in
the two study areas. Hence, the assumed soil size distributions and the derived
values of α are presented in the respective scientific chapters of this thesis (see
Section 8.4.1, Table 8.4 for the central Sahara and Section 9.1.3, Table 9.1 for the
Namibian study area).
7.6.2 Surface roughness3
As described above, two different kinds of surface roughness are relevant for dust
emission modeling: the aerodynamic roughness length of the overall surface Z0
and the smooth roughness length z0S . Z0 is a critical parameter for dust emission
and at the same time difficult to estimate (Laurent et al., 2008), especially for
large or remote areas. Attempts to derive Z0 found in the literature are based on
geomorphological approaches (Callot et al., 2000; Marticorena et al., 1997) and
satellite-based products (Laurent et al., 2005, 2008; Menut et al., 2013). In this
thesis, the roughness is based on satellite measurements and adapted to the study
areas: the roughness product implemented in the model is based on the POLDER-
1 passive sensor at a resolution of 1/8◦. Its derivation is described in Laurent
3Taken from Feuerstein and Schepanski (2019), pp.11-12.
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et al. (2005). Although the resolution is relatively high, small-scale features, e.g.,
river valleys with fine alluvial sediments, may not be represented in this roughness
information due to their small size and shadowing effects. According to Equation
(2.2), U th* strongly increases for larger values of Z0, quickly leading to very low
or no dust fluxes if Z0 is (falsely) considered too high. To make sure not to ex-
clude potential dust sources due to too large values of Z0, a relatively progressive
approach is used: wherever fine alluvial sediments are detected in the study areas,
Z0 is set to 1 × 10−3cm. Further, every value below 0.1 is set to the same value.
z0S is globally set to 1 × 10−3cm in the model.
7.6.3 Vegetation cycle in the dust-emission model4
Vegetation in the model is described using two sets of information, namely the
monthly NDVI derived from the MODIS Aqua MYD13A3 V6 product (see Section
6.2.2) and biome information, which describes the general natural vegetation found
in the study areas. To be included in the model, the NDVI data is translated into
the empirical Fraction of absorbed Photosynthetically Active Radiation (FPAR)
(Knorr and Heimann, 1995):
FPAR = 1.222 · NDV I0.5999 − 0.1566. (7.7)
Negative values of FPAR are set to 0. By including FPAR as a surface parameter
in the model, this accounts for a decrease in dust emission, when healthy green
vegetation is present. However, it needs to be considered that shrubs or trees and
their roots are still able to inhibit dust emission when green leaves are no longer
present. To classify which surfaces are likely to be covered by sparse trees and
shrubs, the terrestrial biogeography model BIOME4 (Kaplan et al., 2003) is used
to determine the predominant vegetation type. The BIOME4 model predicts the
distribution of 26 biomes, barren soil and ice cover using long-term averages of
temperature, precipitation and sunshine duration.
For grass dominated surfaces (Agrass), the dust-emission model assumes that dust
emission is possible if no green vegetation is present (FPAR < 0.25) and linearly
increases with a decreasing value of FPAR. Shrub dominated surfaces (Ashrub) only
have the ability to act as dust sources if their annual mean FPAR is below 0.5.
If this is the case, it is assumed that no healthy shrubs are present and the same
connection comes into play as for an area covered by grasslands: in months where
FPAR is smaller than 0.25, dust emission is allowed and gradually increases with
decreasing FPAR. The vegetation hence influences the effective surface (Aeff) that
is available for dust emission (Section 2.4 Equation 2.5).
4Taken from Feuerstein and Schepanski (2019), p. 12
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Chapter 8
Analysing and modelling dust
emissions from alluvial sources in
the central Sahara
In this chapter, a focus is set on a study area in the central Sahara, where dust
activity is known and has been connected to the presence of alluvial fine material.
The chapter is subdivided into two parts: Part I (Sections 8.2 and 8.3) analyses
the dust activity, determines the source regions and compares the dust activity to
features of the land surface and to the local meteorology. Part II (Section 8.4) shows
how these findings can be implemented into the oﬄine dust-emission model and
how the model simulations replicate the observations. The study area is centred on
the Aïr Massif in Niger with a north-south extent of 16◦ - 22◦N and an east-west
extent of 4◦ - 12◦E. The analysis focuses on the time period from January 2013 to
December 2016.
8.1 The study area: meteorological and geomorphical set-
ting5
This section has been published in a similar form in Feuerstein and Schepanski
(2019) pp. 3-4.
The Aïr Massif in Niger is a known dust hot-spot in the Sahara (Ginoux et al.,
2012; Prospero et al., 2002; Schepanski et al., 2007), and is hence chosen as the
study area for this research. Figure 8.1 depicts the location of the study area in
North Africa and outlines the main meteorological features affecting the area.
5Taken from Feuerstein and Schepanski (2019), pp.3-4.
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Figure 8.1: Overview on the location of the study area, the Bodélé depression, and the main
Saharan mountain ranges, as well as the location of the West African Monsoon and Harmattan
winds. This figure has been published in Feuerstein and Schepanski (2019), Figure 1 in there.
8.1.1 Main meteorological features of the study area
The two key large scale meteorological phenomena that influence the study area,
i.e. the West African Monsoon (WAM) during boreal summer and the Harmattan
trade winds during northern hemispheric winter, are sketched out in Figure 8.1.
These two features lead to a daily and annual cycle of wind and precipitation
regimes in the region.
Especially the wind speed distribution is crucial for dust emission: only when a
certain threshold velocity is exceeded, can particles be entrained into the atmo-
sphere (Marticorena and Bergametti, 1995). This threshold velocity is dependent
on a number of surface characteristics such as the size of erodible aggregates, soil
crusts and vegetation cover. Two key processes are found in the area, that are
known to lead to an increase in surface wind speed and increased dust emission:
1.) the breakdown of the nocturnal low level jet in the morning hours during both
the Harmattan and WAM phases (BouKaram et al., 2008; Fiedler et al., 2013;
Schepanski et al., 2009; Washington et al., 2006b), to which more than half of the
dust events in the Sahara can be connected (Schepanski et al., 2009) and 2.) meso-
scale convective systems (MCS), mainly connected to the WAM (Heinold et al.,
2013; Roberts and Knippertz , 2012). These systems are less frequent but, due to
strong outflow winds, they are able to provoke enormous dust events in the size
of up to hundreds of kilometers called haboobs (e.g., Knippertz and Todd, 2010;
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Roberts and Knippertz , 2012).
8.1.2 Geomorphology of the study area
The MCS that occur during the WAM phase not only bring increased wind velocit-
ies, the high moisture content of the monsoon triggered cyclones is further able to
provoke extreme precipitation events in the study area, where throughout the rest
of the year arid to hyperarid conditions prevail. These rain events lead to surface
runoff of precipitated water and, associated to this, to the erosion, transport and
finally the accumulation of sediments at the foothills of mountains, within ephem-
eral river basins, alluvial fans or flood plains. During extreme precipitation events,
flash floods can occur, washing down enormous amounts of fresh material forming
new sediment layers at the mountain bases (e.g., Vanmaercke et al., 2010). This
leads to a complex surface sediment structure, especially southwest of the moun-
tain range which is most affected by the WAM: while the massif itself consists
of metamorphic rocks with granite intrusions, the southwest is characterized by
compressed and loose sediment layers of several quaternary sedimentation phases
(Schlueter , 2008; Wright, 1985) covered by fresh sediment layers accumulated by
recent monsoon precipitation (Graef and Vennemann, 1999).
These fine recently accumulated and quaternary alluvial sediments are considered
as important sources of dust in the study area as they contain particles in a size
range that is prone to wind erosion (Baddock et al., 2016; Ginoux et al., 2012;
Schepanski et al., 2007, 2013; von Holdt et al., 2017). Not without reason is the
area around the Aïr Massif proven to be one of the most active dust sources in the
Sahara (Ginoux et al., 2012; Prospero et al., 2002; Schepanski et al., 2012a), a fact
that Prospero et al. (2002) and Ginoux et al. (2012) clearly connect to the system
of ephemeral rivers and streams, which drain the Aïr Massif on its south-western
edge during the WAM phases.
Considering the diverse meteorological patterns that influence the area together
with the ruggedness of the terrain, which leads to a complex geomorphology, the
Aïr Massif offers a unique setting to study the connection between wind, precipit-
ation, the distribution and formation of fresh sediment layers and dust emission.
8.2 Dust source activation frequency (DSAF) map and
dust hot-spot zones
The MSG SEVIRI Desert-Dust-RGB product is used to determine the dust activ-
ity in the study area using the back-tracking method introduced by Schepanski
et al. (2007). In so doing, the precise sources of mineral dust in the region can
be localized and surface features can be determined from which the dust particles
are derived. The result of the analysis of the Desert-Dust-RGB product is a dust
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source activation frequency (DSAF) map that can be analyzed spatially and tem-
porally. In the following, the DSAF for the study area is presented.
The following paragraphs have been published in a similar form in Feuerstein and
Schepanski (2019), pp. 12-14.
Figure 8.2A shows the total number of dust events observed on the Desert Dust-
RGB product from 2013 to 2016 for each grid cell of 0.5◦ × 0.5◦ resolution. The
values range between 0 and 57 events, where the most dust activity was found
south and southwest of the Aïr Massif. For a more generalized analysis, the grid
cells around the mountain range that exceed a total number of five events in the
four year period are grouped into four hot-spot zones, as shown in Figure 8.2: the
northern (N), the central (C), the southwestern (SW) and the southern (S) zones.
The bounds of the zones were determined taking into account the dominant surface
structure and geomorphology based on a qualitative analysis of the Blue Marble
true color composite, a cloud free seamless picture of the full globe (Stockli et al.,
2005), as depicted by Figure 8.2B. The four zones represent the following main
landforms: The surface of Zones S and N shows stripes oriented in (north)eastern
to western direction, so-called wind streaks. These are indicators that the surface is
regularly affected by winds from a prevailing direction (Cohen-Zada et al., 2017). It
is likely that these landforms are a result of the strong Harmattan winds that occur
in the area during winter. Zone SW is located southwest of the mountain system
where many drainage systems and hydrologically influenced sediments are found
(Ginoux et al., 2010; Schlueter , 2008; Wright, 1985). Zone C at the western edge
of the massif is characterized by a number of large wadis and alluvial fans along
the mountain range and a large reg-dominated basin further west in the central
and western part of Zone C. Within these four zones, the numbers of events sum
up to 425, 278, 236 and 214 for the Zones SW, S, C and N, respectively. Zone SW
is hence by far the most active zone with around 37% of dust events observed over
all four zones.
Due to the main meteorological features in the study area, i.e. the Harmattan
winds and the WAM, a certain seasonality of dust activity can be expected. The
temporal variability of dust activity is depicted in Figure 8.3. The monthly mean
dust activity for each zone is represented, which is derived from the number of
active cells divided by the total number of grid cells of each hot-spot zone. Zones S
and N, where the Harmattan is able to affect the surface in full strength, show an
increased dust activity during winter months. The same connection can be observed
for Zones SW and C, where convective systems connected to the WAM, mainly
migrating from the southwestern direction, show an increased activity during the
monsoon period in boreal summer.
In summary, the temporal dust variability shows a strong connection to the local
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Figure 8.2: A) Total number of dust events for the Aïr Massif observed on the MSG
Desert-Dust-RGB images between 2013 and 2016 and the division of the study area into four
dust-hot-spot-zones and B) true color image of the study area including the hot-spot zones.
This figure has been published in Feuerstein and Schepanski (2019), Figure 5 therein.
meteorology and climatological features that are able to provoke high wind speeds
leading to an exceedance of the required threshold velocity U th* . The high dust
activity in the study area is indicative of the presence of sediment-rich sources. The
following section thus describes if dust source regions coincide with the presence
of alluvial fine material.
8.3 Geomorphology, meteorology and vegetation analysis
of the dust hot-spots
Bullard et al. (2011) claim that a better understanding of the geomorphology of
dust sources can lead to a more successful detection of those sources that produce
either very little amounts of dust below the threshold to be recognized by the
satellite based products or of sources with an activity frequency below the lifetime
of a satellite. The identification of surface characteristics that lead to an increase
in dust particle emission, has become a focus of dust related research in the last
decade (Baddock et al., 2016; Bryant, 2013; Bullard et al., 2011; Lee et al., 2011;
von Holdt et al., 2017).
For a better representation of alluvial features in dust emission models, an under-
standing of the factors that influence the dust activity of these sources is needed.
What features are important and how do these features influence dust emission in
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Figure 8.3: Monthly mean dust activity for all grid cells within each of the four hot-spot
zones. This figure has been published in Feuerstein and Schepanski (2019), Figure 6 therein.
both space and time? How can these features be determined and how can they be
parametrized and implemented in a dust-emission model to better replicate the ob-
servations? In this chapter, a closer look is taken on the different parameters that
may play a role including the sediment supply from alluvial features, vegetation
and meteorology. Observations from satellites and modelled meteorological data
are used to derive a better understanding of the dust emission from the detected
sources.
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8.3.1 Sediment supply in the hot-spot zones6
This section has been published in the same form in Feuerstein and Schepanski
(2019), pp. 14-15.
Figure 8.4 shows the distribution of detected alluvial fine material using the ap-
proach presented in Section 7.3.1. The product represents the estimated supply of
fresh alluvial sediments for dust emission that is held by each 40m × 40m pixel.
Three subsets (a, b, c) are presented as zoom-in and compared to Blue Marble
true color subsets of the same region to show the AFM in more detail. On these
subsets, it is illustrated how the sediment availability lines up with the present
river valleys. Subset (a) shows a large wadi running along the mountain range
from south to north. This wadi is very well visible on the true color satellite image
and holds large amounts of fresh alluvial sediments. Subset (b) covers the south-
western drainage basins with fresh and ancient fluvial systems and thick layers of
alluvial sediments. Subset (c) in the center of the mountain range shows wadis with
sediments of a different mineralogy indicated by the darker color in the true color
image; these wadis are partly covered by vegetation. These qualitative comparisons
show that the resulting AFM map is satisfyingly representing the main ephemeral
river basins all around the study area. Unfortunately, due to the inaccessibility of
the area, reference data of the land surface is very limited, which does not allow
for a more quantitative accuracy assessment of the AFM map. However, the res-
ults are in alignment with geomorphological studies of the area (Schlueter , 2008;
Wright, 1985), which describe the southwest of the Aïr Massif as the drainage of
the mountain range.
The detected ephemeral river basins reach out far from the mountain range and
cover the full hot-spot Zone SW. This is indicative of a regular recharge of the
alluvial sources in this region. Zone S is influenced by similar river valleys at
its northwestern side, however they do not reach out as far into the zone and
only cover parts of Zone S. In Zone C, the number of detected active ephemeral
streams is much lower, but there is a very large wadi together with some alluvial
fans found along the mountain range at the eastern side of Zone C. Besides some
narrow wadis, alluvial fine material is not very abundant in Zone N. This can be
explained by the higher latitude of the zone, leading to a lower influence of the
WAM and consequently to a lower annual precipitation, less surface runoff and
very infrequent activation of ephemeral streams.
6Taken from Feuerstein and Schepanski (2019), pp.14-15.
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Figure 8.4: Alluvial Fines Map (AFM) derived from combination of HydroSHEDS FA dataset
and the hue transformed band of Sentinel-2 channels 12-7-4. Values close to 1 represent high
availability of alluvial sediments. Subsets (a), (b) and (c) show subsets of the AFM map within
the study area together with the respective Blue Marble extent. This figure has been published
in Feuerstein and Schepanski (2019), therein Figure 7.
8.3.2 Precipitation distribution in the study area
The formation of alluvial sediments is dependent on the availability of surface run-
off and the accompanied accumulation of sediments. Further, precipitation leads
to an increase in soil moisture and hence to vegetation growth. Consequently,
precipitation may be an important factor to consider when analysing dust activity
and simulating dust fluxes. How much each of the hot-spot zones is influenced by
precipitation is analyzed by calculating monthly and annual sums of precipitation
for each of the four hot-spot zones using the daily TRMM precipitation product.
Hermance and Sulieman (2018) recently showed that the TRMM TMPA data-
set may not be able to reliably identify daily rain events in terms of their timing
and intensity for the sub-Saharan and Sahel zone. Their comparison of the TRMM
TMPA 3B42 product to surficial gauge data rather showed that both severe under-
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and overestimations occur in the satellite based product. However, the study sug-
gests that these misspredictions level out over time. The dataset has been proven
to be valuable for longer-term hydrological analyses of northern African precip-
itation on monthly, seasonal or annual scales (e.g., Kelley (2014); Thiemig et al.
(2012); Zhang and Cook (2014)). Nevertheless, Liu (2015) identifies the underes-
timation of light rain events for the Sahara and of rain events on the windward
side of monsoon mountains like the southwestern side of the Aïr mountain range.
To check the suitability of the 3B42 dataset for the needs of this study, the dataset
is compared to measurements of four meteorological stations located in the study
area that cover the full period of interest from 2013 to 2016. Table 8.1 depicts the
four stations and their geographical position.
Table 8.1: Location of meteorlogical stations in the study area that deliver data for the
considered period from 2013 to 2016.
station coordinates
In-Guezzam (Algeria) 19.6◦N, 5.8◦E
Bilma (Niger) 18.7◦N , 12.9◦E
Agadez (Niger) 16.0◦N, 7.0◦E
Tahoua (Niger) 14.9◦N, 5.3◦E
The monthly sums of January 2013 to December 2016 for the four meteorological
stations are compared to the monthly sums of the TRMM grid cell that contains
the respective station. Figure 8.5 represents this time series comparison. The agree-
ment between the TRMM estimate and measurements at ground varies between
the four stations. However, it can be stated, that the agreement is generally good
for all stations except Bilma. However, there are some outliers where the TRMM
data highly differs from the measured data with much too high or much too low
values. This underlines the findings of Hermance and Sulieman (2018) discussed
earlier. However, the overall agreement between the TRMM product and the syn-
potic stations is generally good and the satellite product reproduces monthly and
annual precipitation rates and the annual precipitation cycle. The advantages of
the dataset, i.e. the high temporal resolution and the spatial coverage, outweigh
the disadvantages of over- and underestimations and the TRMM TMPA 3B42
dataset is used to monitor precipitation in the study area in Niger.
The precipitation sums derived from the TRMM TMPA product are analyzed
separately for the four hot-spots zones in the study area. Table 8.2 shows the
annual sums and the four-year mean of precipitation (last row) for each hot-spot
and mean annual precipitation over all four zones (rightmost column).
The mean annual precipitation over all zones shows the variation in precipitation
within the period: 2014 was the driest of all four years with a mean of 131 mm.
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Figure 8.5: Monthly precipitation sums of four meterological stations in and around the study
area in comparison with the respective precipitation derived from the grid cell of TRMM
TMPA 3B42 data that contains the meteorological station. Note the different y-axis limits for
the two more arid stations In-Guezzam and Bilma.
In comparison to this, the precipitation rate almost doubles in the following year
2015, with a mean over all zones of 236 mm. A second, even more pronounced
characteristic, reflected by Table 8.2 is the difference in precipitation between the
zones (last row): while the mean precipitation sum over all years is by far the
lowest for Zone N with 56 mm, Zone SW depicts more than four times higher
precipitation sums (227 mm). The variability in precipitation over space and time
shows pronounced differences between the four zones and can therefore be an
important parameter to consider in the analysis of temporal and spatial differences
in dust emission. A closer look at the temporal variation of precipitation for each
zone is carried out by plotting monthly precipitation sums for the four years (see
Figure 8.6). The precipitation distribution shows the influence of the WAM in all
four zones: the monsoon season sets on in May/June and lasts until September,
with the highest precipitation sums in July or August. During the rest of the year,
the area is dry and no considerable rainfall is registered.
Although the temporal distribution of monsoon rains is similar amongst all four
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Table 8.2: Annual precipitation sums and means in mm for each hot-spot zone based on
TRMM TMPA data.
Year S SW C N Mean over zones
2013 102 206 106 26 153
2014 91 165 84 39 131
2015 161 267 178 77 236
2016 142 271 168 82 166
four-year mean 124 227 134 56
hot-spot zones, there are strong differences in the strength of precipitation between
the four zones: it is clearly noticeable that the precipitation is lowest for Zone
N, showing only a very small increase in precipitation during the WAM. This is
most likely due to its northmost position, which is only marginally reached by
the monsoon. Zone C and SW show generally high precipitation during summer
months due to their windward position in respect to the main monsoon outbreaks
from southwestern direction. Here, the orography might lead to cloud formation
and precipitation on the western side of the mountain range. This effect is less
represented by the monthly distribution of precipitation in Zone S: although a
clear monsoon peak is represented by the figure, it is still lower than in Zones SW
and C despite its more southern position.
8.3.3 Wind frequency distribution in the study area
Information on the wind field in the study area is derived from the ECMWF
forecast model, that will later also be used to drive the oﬄine model simulations
presented in Section 8.4. The wind pattern is analyzed focusing on the daily max-
imum wind velocity. The maximum is used since wind events that provoke dust
activity may be short in time and hence not represented in a daily mean.
Table 8.3 depicts the percentage of days on which the maximum wind velocity was
reached within each of the time slots and the respective mean over these maxima.
For all zones except Zone C more than 50 % of the maximum wind velocities occur
during the local morning hours between 07:00 and 12:00 UTC. In the same time
slot, the highest mean of maximum wind velocities is evident in all four zones.
This phenomenon is most likely the result of the increase of surface wind speed as
a consequence of the breakdown of the nocturnal LLJ (Schepanski et al., 2009).
A second feature noticeable from Table 8.3 is that the maximum wind velocity
only occurs during night (time slots 01:00-05:00 and 19:00-00:00) for days with a
very low maximum wind velocity. Hence the maximum wind velocities only occur
during night for very calm to windless days. The distribution of maximum wind
velocities for Zone C differs from the other zones as the most represented time
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Figure 8.6: Monthly sums of precipitation in mm for 2013-2016 for each hot spot zone based
on TRMM TMPA data.
slot is from 19:00 to 00:00 with 44.5%. Compared to this, only 33.7% of maximum
wind velocities are evident during the morning hours. The reason for this might
be a weaker LLJ for this area, either due to the downwind position of the zone
compared to the mountain range or due to problems in the forecast model.
The tendency of higher wind speeds during morning hours (probably due to the
breakdown of the nocturnal LLJ) underlines the findings of Schepanski et al. (2007,
2009), who stated that the majority of dust events in the central Sahara take place
during morning hours.
Figure 8.7 depicts the course of monthly mean wind velocities based on these daily
maxima for all four zones and for the four years. The graphs show a less distinct
annual pattern than the precipitation and its strong dependency on the WAM.
Solely in Zone S, there is a significant increase in wind velocity apparent towards
the end of the year, which is possibly connected to the Harmattan trade wind
coming from the north-easterly direction during northern hemisphere winter.
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Table 8.3: Percentage of maximum wind velocity occurence within each UTC-time frame [%]
and mean of the corresponding maxima (u¯)
Zone N Zone C Zone SW Zone S
Time [%] u¯ [%] u¯ [%] u¯ [%] u¯
0100-0600 8.0 3.9 7.9 4.1 4.2 4.4 3.9 4.1
0700-1200 54.6 6.7 33.7 5.9 55.4 5.6 57.5 6.6
1300-1800 19.8 5.7 13.9 5.2 13.7 5.2 23.9 5.9
1900-0000 17.5 4.7 44.5 4.9 26.8 4.5 14.7 4.8
Most weather phenomena like haboobs or other convective systems that are able to
provoke high wind velocities during the summer months are temporally limited to
a few hours (Roberts and Knippertz , 2012). Hence, these events are not reflected
by the monthly mean wind velocity shown in the left panel of Figure 8.7. To
better illustrate the influence of these short term increases in wind speeds, the
right panel of Figure 8.7 depicts the normalized histogram of the maximum daily
wind velocities for all days from 2013 to 2016 (left column) and in comparison to
this, the maximum wind velocities of days on which dust emission was identified
by the Desert-Dust-RGB in the respective zone (right column).
In all four zones, the frequency distribution shows a clear shift to higher wind
velocities for days with DSA compared to the distribution of the full four years,
represented by an increasing mean from the left to the right column in Figure
8.7 (right). The highest maximum wind velocity is evident for the Zones N and S
with 8.9 m/s and 9.0 m/s for dusty days, respectively, while the wind velocities for
the Zones C (6.7 m/s) and SW (6.5 m/s) are considerably lower. In addition, the
skewness values decrease in all zones. This change in skewness is especially strong
for the Zones S and N with values turning from positive to negative. Further
noticeable for these two zones is a stronger increase in standard deviation (std)
from left to right column compared to the Zones C and SW. These findings might
be a sign for a higher dependency on temporally discrete weather events that
provoke high wind velocities (e.g., breakdown of the nocturnal LLJ, haboobs, MCS)
for dust emission in the Zones S and N compared to the Zones C and SW.
8.3.4 Vegetation cycle
Vegetation growth in arid regions is strongly limited by the water availability
and may hence be strongly connected to the monsoon precipitation in the study
area. On the other hand, dust emission is inhibited by vegetation. It is hence
an important feature of the land surface when analysing dust activity. Due to
the strong connection between vegetation growth and precipitation, the MODIS
NDVI product is analyzed for two time steps, before the monsoon (T1) and after
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Figure 8.7: Left: Monthly mean wind velocities for 2013-2016 for each hot-spot zone based on
the maximum daily wind velocity at 10 m height derived from the ECMWF forecast model.
Right: Wind velocity frequency distribution derived from maximum daily forecast winds for the
full four-year period (2013-2016) (left column) and for days when dust source activation (DSA)
was observed (right column) including mean, standard deviation (std), and skewness (skew) of
each distribution.
the monsoon (T2) for each of the hot-spot zones. Furthermore, a difference in
NDVI is calculated to show the changes in vegetation cover due to the monsoon
precipitation. Figure 8.8 shows the four-year mean of T1, T2 and the difference of
T2 - T1.
Four main aspects can be identified from Figure 8.8:
1. The NDVI for T1 is below 0.2 for most parts of all four zones. Hence, veget-
ation cover is very low towards the end of the dry season, right before the
onset of the WAM.
2. For T2, which represents the end of the monsoon phase when vegetation
extent is at its maximum, a strong difference between the zones can be iden-
tified: while in Zone SW, the western part of Zone S, and along a wadi within
Zone C, healthy vegetation is present and reflected by a high NDVI, through-
out Zone N the NDVI remains at a low level.
3. The third column (T2 - T1) shows changes between the two time steps for
Zones S, SW, and C towards an increase in the extent of healthy vegeta-
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tion, while Zone N is stable throughout the year with very low vegetation
cover. Zone C shows an increase in vegetation for the aforementioned wadi.
Throughout Zone SW and the western part of Zone S, vegetation cover highly
increases from T1 to T2.
4. Within the zones, vegetation growth is not equally distributed, but is rather
limited to specific areas, often reflecting the shape of the river basins, determ-
ined in Section 8.3.1, where water availability as well as soil properties are
more appropriate for vegetation growth. The low vegetation cover and the
weak influence of the WAM in Zone N is a sign for the annual precipitation
being too low for a noticeable amount of vegetation to grow.
Figure 8.8: Four-year mean of MODIS NDVI for all zones for time before monsoon onset
(T1), after monsoon (T2), and the difference between both (T2-T1).
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8.3.5 What do we learn from this?
The previous sections show the characteristics of the four hot-spot zones in (a)
the dust activity and the temporal distribution of dust events over time (Section
8.2), (b) the sediment availability from alluvial features (Section 8.3.1), (c) the
meteorological situation including precipitation and the local wind pattern (Section
8.3.2 and 8.3.3) and (d) the vegetation cover and its seasonal changes (Section
8.3.4). Some general conclusions can be drawn from the data analysis that apply
to all four zones: the vegetation pattern (Figure 8.8) is strongly connected to
the WAM. Right before the onset of the monsoon, vegetation cover is sparse.
The extent of healthy vegetation increases during and after the monsoon period,
often distributed along the courses of ephemeral river basins. Since vegetation is
considered to strongly inhibit dust emission (Marticorena and Bergametti, 1995),
a decrease in dust emission due to an increase in vegetation cover can only become
effective in the period of the late monsoon and right after the monsoon. The
presence of alluvial fine material and of vegetation cover often align since both are
dependent on the activation of the channel systems. During and after the monsoon
phases, when healthy vegetation is present, the availability of the alluvial sediments
may therefore be strongly limited.
The wind pattern shows the influence of large scale weather phenomena like MCS
or Harmattan winds, represented by an increase in the monthly mean wind speed
in the affected months (left panel of Figure 8.7). From the frequency distribution
of wind velocities for dusty days compared to the whole period, a clear connection
between increased wind speeds and dust emission can be concluded.
Although the hot-spot zones show a number of similarities, each of the hot-spot
zones has a distinct seasonality in its numbers of dust events throughout the year
(Figure 8.3): a clear peak is visible during winter in Zones S and N while Zones SW
and C are characterized by increased dust activity during summer. The reasons
for that are not the similarities but the differences between the zones concerning
wind, precipitation, vegetation and sediment availability. In the following sections
these differences and the resulting different seasonality in dust activity is outlined
separately for the four zones.
Zone N
Zone N is the least active of all four hot spot zones, although the monthly mean
wind velocity is higher here than in the other zones for almost all months of the
four-year period. The dependency of dust activity on weather phenomena that
provoke high wind speeds is shown by the wind frequency distributions (Figure
8.7): the largest shift to higher wind velocities from the frequency distribution of
the whole period to days with DSA is registered in this zone. From the low total
number of dust events together with the dependency on high wind velocities for
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dust emission, it is likely that dust emission is limited by the supply in fresh
sediments of a suitable size. Only very few channels with fresh sediments could be
identified in Zone N. The surface is characterized by wind streaks that are a sign
of the high wind speed the area has experienced in the past. The strong influence
of the Harmattan winds in the zone and the few mechanisms to recharge the zone
with fresh sediments are most likely the reasons for the low dust activity.
Zone C
In Zone C, a number of smaller river systems are found throughout most parts
of the zone. Along the mountain range in the eastern part of Zone C, there is a
remarkably large wadi terminating in an alluvial fan. Along this ephemeral system,
large amounts of fresh and older alluvial sediments were detected by the AFM.
Zone C is more active than Zone N, especially during the boreal summer months.
Although the activity is at a low level throughout the year compared to the Zones
SW and S, there is a relative peak in dust activity in Zone C during the summer
months. It is likely that this peak can be associated with monsoon induced short-
term wind events like mesoscale convective systems.
The main limits of Zone C concerning its dust activity are likely to be limits
in sediment supply throughout most parts of the zone. The large wadi at the
edge of the mountain range is the main source region in the zone (compare Figure
8.2). It is the only feature in the zone that experiences a considerable vegetation
growth throughout the year. Here, sediments are present but may be limited by
the transport-capacity except from strong wind events and are limited by the
availability when the wadi is vegetated.
Zone SW
The monthly mean wind velocity for Zone SW shows a slight peak in June, July
and August. The main reason for this may be the WAM and connected short-term
wind events like cyclones. The frequency distribution also shows that dust activity
is observed for stronger winds. However, the shift towards stronger wind speeds
from all days (5.2 m/s) to days with dust activity (6.5 m/s) is the smallest for all
four zones and also the standard deviation remains at a lower level.
Zone SW is marked by a large system of ephemeral river channels. These channels
drain the Aïr Massif and have already been related to dust activity in the past
(Ginoux et al. (2012) and Prospero et al. (2002)). Due to the comparably high
annual precipitation sums, this channel system is regularly recharged with fresh
layers of sediments during the monsoon phases.
The temporal distribution of dust activity is characterized by an increasing num-
ber of dust events from the beginning of each year towards the summer months. In
August, there is a sharp decrease in dust activity, which then remains at a low level
until the end of the year. An exception to this can be observed in 2016, when dust
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activity peaks again in November. Zone SW also shows the highest precipitation
rates and the strongest vegetation growth due to the higher availability in water
along the channel system. The vegetation is likely to be the main factor that leads
to the lower dust activity after the monsoon period. Overall, the zone shows a large
supply in alluvial fine material, which is, however, not available during the peak
seasons of vegetation growth. Vegetation and soil moisture are likely to limit the
availability of the alluvial fine material and therefore lead to lower dust activity.
Zone S
The system of ephemeral river basins that covers the Zone SW, also reaches into
the most western part of Zone S. Here, sediment availability is high and so is
vegetation growth during the WAM. However, the distribution of DSAF does not
show a similar pattern like in Zone SW. It rather peaks during northern hemisphere
winter (December and January), comparable to Zone N. In summer, when dust
emission peaks in Zone SW and C, the activity of Zone S is at its annual minimum.
Apart from the channel system in the western part, Zone S is characterized by
wind streaks oriented in the north-eastern to south-western direction. It can be
assumed that wind plays a large role in this zone as was discussed for Zone N
before. The increase in the number of dust events goes along with an increase in
mean wind velocity during January and December. These winds can be connected
to the Harmattan that affects this zone from the north-eastern direction without
being disturbed by the Aïr mountain range. The frequency distribution of wind
velocities underlines this: days with dust activity are characterized by a strong
increase in wind velocity compared to the usual distribution. The largest part of
Zone S can be considered to be limited by the supply in fresh sediments.
Dust activity is only derived for strong wind events that are able to mobilize the
remaining (larger) particles.
8.3.6 Conclusions on the interplay between meteorology, geomorpho-
logy and vegetation and dust emission
Different parameters are responsible for particle mobilization and dust emission in
the four zones that are dependent on geomorphology, vegetation and meteorology.
Following the concept developed by Bullard et al. (2011), the four hot-spot zones
can be grouped into two categories:
1. Zone N and S: dust emission is mainly limited by the supply of fresh fine
and medium sized particles as not many processes exist here that lead to a
recharge of the small scale sources. The zones experience strong winds during
the winter months that are able to mobilize the remaining, larger particles.
During the summer months, when the meteorological situation changes and
strong wind events become more discrete, dust emission strongly decreases
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due to limits in the transport-capacity. Effects of precipitation events and
accompanied vegetation growth do not play an important role, especially in
Zone N where precipitation sums are low.
2. Zone C and SW: dust emission is driven by a complex connection of pre-
cipitation, surface runoff and, in connection to that, supply of erodible al-
luvial sediments and vegetation growth. The presence of alluvial sediments
in different grain sizes leads to a threshold wind velocity needed for particle
mobilization that is below the one for Zones S and N. The dust activity is
strongly increased towards the end of the dry season and abruptly decreases
when monsoon precipitation reaches the area and soil moisture, crust form-
ation and vegetation growth stabilize the topsoil. Not before these inhibitors
disappear and the limits in availability decrease can dust emission resume.
The analysis of drivers and limiters of dust emission shows the differences in the
activity of dust sources over a relatively small spatial distance. Particularly in-
teresting is the peak in emission in opposite seasons for the wind-driven zones
compared to the sediment availability limited zones west of the mountain range.
Alluvial fine sediments and vegetated areas often align. The vegetation here leads
to a limit in sediment availability and hence to a distinct annual cycle in dust
activity.
Part II (Section 8.4) of this analysis shows how these findings are implemented in
the dust emission model and how the model simulates the dust fluxes in the same
period.
8.4 Simulating dust emission fluxes in the central Sahara
The following sections shows how the conclusions drawn from the previous chapter
are implemented in the oﬄine dust-emission model and how the model simulates
the fluxes compared to the DSAF derived from MSG SEVIRI.
8.4.1 Determination of source regions and soil parameters
The AFM, already presented in Section 8.3.1, is used to implement the sediment
supply into the dust emission model. A dunes/sand sheet map (DSM) that is cre-
ated according to the approach presented in Section 7.3.2 is used as a second surface
type. The main distribution of sand is found east of the mountain range, where
the erg of Bilma, one of the largest sand seas in the Sahara is located (Mainguet
and Chemin, 1983). West of the mountain range, however, sand cover is sparsely
found (see Figure 8.9A)). In the following, the combination of AFM and DSM is
outlined. The following paragraph and figure have been published in Feuerstein and
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Schepanski (2019), pp. 9-10 in a similar form.
Figure 8.9: Sediment Supply Map (SSM) including dunes and sand sheets (DS), medium
emitting alluvial (AM), and high emitting alluvial sediments (AH) for: (A) the original
resolution; and (B) after the resampling to model grid spacing; and (C) the aerodynamic
roughness length of the overall surface (Z0) adapted as described in Section 7.6 in model grid
spacing. The figure has been published in Feuerstein and Schepanski (2019), therein Figure 4.
The AFM and DSM are combined to be included in the dust-emission model. For
this, the continuous values of the AFM is categorized into three classes: (1) no
alluvial sediments; (2) medium; and (3) high amount of fine alluvial sediments
(for values up to 0.25, 0.6 and 1, respectively). Since the DSM consists of a simple
sand/no sand information, it can directly be combined with the AFM information.
For pixels that are categorized as both alluvial and sand dune pixels, alluvial
sediments are assumed as surface type. All pixels that are assigned to neither of
these classes were classified as regs/ hamadas, i.e., large plains covered by sand,
gravel and rocks. The resulting map (Figure 8.9A) and B)), further referred to as
the sediment supply map (SSM), shows the distribution of potential dust sources
consisting of alluvial sediments and dunes/sands sheet and of low emitting surfaces
(regs/hamadas). To each of these surface types, a soil size distributions is assigned.
The approach suggested by Chatenet et al. (1996) and Marticorena et al. (1997),
who stated that each soil of semi-arid and arid regions can be described by the
combination of four mineralogical populations based on their size distribution and
chemical composition, is followed. These four populations including their median
diameter Dmed and standard deviation (σ) are: (1) salts (Dmed = 520, σ = 1.5);
(2) coarse sands (Dmed = 690, σ = 1.6); (3) fine sands (Dmed = 210, σ = 1.6); and
(4) alumino-silicate silts (Dmed = 125, σ = 1.8). How these four populations are
combined is dependent on the dominating surface type, as depicted in Table 8.4:
according to Marticorena et al. (1997) and Laurent et al. (2008), regs and hamadas
are associated with coarse medium to coarse sands (CMS) and fluvial and alluvial
depressions to silty fine sands (SFS). However, while Marticorena et al. (1997) and
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Laurent et al. (2008) assigned dune fields with fine and coarse sands, silty medium
sands (SMS), a mixture of fine and coarse sands and silts were chosen here as
sediment structure for dune fields and sand sheets. This integrates the findings of
Baddock et al. (2016), Crouvi et al. (2012) and Huang et al. (2019), who assumed
that dune fields must include coatings or aggregates of finer particles that can
break down into smaller particles to explain the dust activity of dunes. For the
class of highly emissive alluvial sediments, a surface sediment structure consisting
of 100% of silt particles was chosen to support the high dust activity from these
sources.
The aerodynamic roughness length of the overall surface Z0 is adapted to the SSM
as outlined in Section 7.6.2. Wherever an alluvial feature is detected, the value of
the surface roughness is set to 0.001cm. The resulting values of Z0 in the study
area are presented in Figure 8.9C.
Table 8.4: Statistical parameters of the soil size distributions assumed for the present surface
types according to Marticorena et al. (1997) and Laurent et al. (2008) that were used for the
model implementation of the SSM. α represents the respective saltation efficiency of the surface
types, defined by Equation (2.6).
Typology Surface Type Dmed[µm] σ % α
regs/hamadas CMS 210 1.8 10.0 1.34 × 10−6690 1.6 90.0
dunes/sand sheets SMS
125 1.6 37.5
4.35 × 10−6210 1.8 31.2
690 1.6 31.3
medium emitting alluvial SFS 125 1.6 37.5 6.15 × 10−6210 1.8 62.5
high emitting alluvial S 125 1.6 100 1.99 × 10−6
8.4.2 Model results7
The subsection 8.4.2 has been published in a similar form in Feuerstein and Schep-
anski (2019), pp. 16-18.
The DSAF shows a spatiotemporally variable pattern of dust activity throughout
the study area. The model study intends to show whether this pattern can be
replicated by the dust-emission model. Of particular interest is the benefit of the
SSM for the modeling results. Thus, the model is run twice: one run includes the
SSM information and the size distribution of erodible elements referred to as SSM-
run. Additionally, a control run is performed that does not include the SSM but
a constant surface type of regs/hamadas throughout the whole study area. The
model is driven using the ECMWF external wind field in 10 m height and simulated
7Taken from Feuerstein and Schepanski (2019), pp.16-18.
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the dust emission flux of the surface in kg/m2/s for the four-year period 2013 to
2016 on a 0.1◦ × 0.1◦ grid and a temporal resolution of 1 h. The mean annual
emission flux in kg/m2 for the SSM run is represented in Figure 8.10A, the control
run is depicted in Figure 8.10B. The SSM-run shows increased dust activity for
the area southeast to southwest of the mountain range mainly within the bounds
of Zones S and SW. Further increased activity is simulated for the eastern part of
Zone C and in the region of the sand sea east of the mountain range. In comparison
to this, the emission flux of the control run is much smaller throughout the whole
study area with relative peaks south and north of the mountain range.
Figure 8.10: Modeled dust source activation frequency for the study area including the four
hot-spot zones determined in the satellite-based DSAF-analysis (Figure 8.2) for the original
model run including the SSM run (A) and for the control run (B) with constant size
distribution of available aggregates. This figure has been published in Feuerstein and
Schepanski (2019), therein Figure 8.
Influence of sediment supply on the simulated dust emission flux
The spatial distribution of dust activity derived from the model simulations ap-
pears to be strongly connected to the SSM (Figure 8.9), leading to some similarities
in the pattern of dust sources and dust activity. This shows how sensitive the model
is to the information on soil size distribution. The connection becomes particularly
obvious when comparing the SSM run to the control run, where the emission flux is
much lower throughout most parts of the study area, indicating a limited sediment
supply for these surface assumptions.
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To quantify the influence of the SSM on the model results, the mean total annual
mass of emission derived from the SSM run for each surface type is compared to
the respective pixels of the control run (indicated by the grey shading of the bars),
as depicted in Figure 8.11A. Surfaces identified as medium emitting alluvials are
by far the most emitting surfaces with more than 40 kg dust emitted per year
throughout the whole study area. This is followed by dunes/sand sheets with 17
kg and alluvial high emitting surfaces with around 10 kg. Compared to the control
run, this is a drastic increase of dust emission due to the implementation of the
SSM.
Figure 8.11B depicts the mean emission flux in grams per square metre per year for
each source type and hence represents the activity normalized by the area covered
by each source type. This shows how active the alluvial high emitting surfaces are
compared to the other source types with almost 120 g per square meter and year.
This demonstrates how sensitive the model is to the assignment of the correct
source information and the determination of soil parameters to the sources. It is
difficult to determine whether the configuration used here is appropriate, mainly
because direct measurements are not available. However, the DSAF observed from
the Desert-Dust-RGB images can help to estimate if the location and the activity
of dust sources is determined in an accurate and realistic way.
Figure 8.11: Total dust emission flux for each surface type (DS, Dune/Sand sheet; AM,
Medium emitting alluvial; AH, High emitting alluvial) and total emission flux derived from
control run (grey) for the same cells (A); and spatial mean of total emission flux for each cell
and surface type (B). This figure has been published in Feuerstein and Schepanski (2019),
therein Figure 9.
Comparison between DSAF and model
The spatial distribution of dust activity from satellite observation (Figure 8.2)
and model (Figure 8.10) shows that both agree in the localization of the dust
hot-spots: the southwest and south of the study area has most dust events in the
84
Analysing and modelling dust emissions from alluvial sources in the
central Sahara
observational result and the highest dust fluxes in the model. Additionally, in the
western part of Zone C, where the large wadi systems are located, high dust activ-
ity for both the model and the observation can be found. For a better comparison
of model and observations on the temporal scale, the modeled continuous emission
flux is translated into a discrete number of dust events for each pixel by applying
a threshold of 1 × 10−5 kg/m2. This value is chosen on the basis of Tegen et al.
(2013), who used a similar threshold of 6 × 10−5 kg/m2 to compare modeled and
observed dust events. The threshold takes into account that very small and/or very
short events might not be detectable on the Desert-Dust-RGB product due to its
temporal and spatial resolution. Whenever the surface emission flux exceeds the
threshold, the modeled emissions are counted as a dust event. In a second step, the
total number of dust events is translated into the entity days with dust emission
and the monthly mean activity of the model result is calculated and compared
to the observational result represented in Figure 8.3. Figure 8.12 (left) shows this
monthly mean activity for the four hot-spot zones derived from the SSM-run. In
comparison to the observational annual cycle, the seasonality of the four zones is
reproduced quite satisfactorily by the model: in Zones N and S, dust emission tends
to peak during winter months while the emissions from Zones SW and C peak
during July and August. In contrast to this, Figure 8.12 (right) shows the temporal
distribution of dust activity for the control run without sediment supply inform-
ation. For Zones SW and C, the control run does not show any seasonality; dust
activity remains very low throughout the whole year. While the annual pattern of
activity is similar for observation and model, it has to be stated that the model
simulated a much higher activity with a factor of 10 compared to the observations.
8.5 Discussion8
The subsection 8.5 has been published in a similar form in Feuerstein and Schep-
anski (2019), pp. 18-20.
8.5.1 Overestimation of sediment supply
The creation of the alluvial fines map and the dune/sand sheets map, and their
integration into a sediment supply map, represents an approach allowing for the de-
tection of two important dust source types that are present in the study area. The
AFM was derived from the integration of both flow accumulation data based on
a digital elevation model and spectral information of the polar-orbiting Sentinel-2
satellite. This integrated two independent levels of information as base for the
8Taken from Feuerstein and Schepanski (2019), pp.18-20.
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Figure 8.12: Temporal variability of dust activity for the grid cells within each of the hot-spot
zones, derived from simulated emission flux of the SSM-run (left) and the control run (right).
This figure has been published in Feuerstein and Schepanski (2019), therein Figure 10.
AFM. Compared to other approaches (e.g., Grini et al. (2005); Parajuli and
Zender (2017)), the method presented here uses both the visible and infrared
light information, and integrates both into one information band during the HLS-
transformation. While the HydroSHEDS flow accumulation is a static dataset, the
Sentinel-2 data covers the full globe every five days. Hence, it is possible to use
the presented approach for time-variant surfaces, and, due to the global coverage
of both datasets, it can be applied for similar studies in all deserts of the globe.
However, it needs to be stated that the accuracy of the SSM map is difficult to es-
timate due to the limitation in adequate ground truth data in quality and quantity.
This is why only a short qualitative comparison to other satellite-based replicates
(i.e., Google Earth and Blue Marble) of the land surface was performed to assess
the quality of the AFM.
Nevertheless, the qualitative approach reveals a quite satisfactory performance in
the detection of ephemeral river basins in the study area, leading to an accurate
detection of the drainage systems found in the southwest of the Aïr Massif. The
dune and sand sheets detection approach localizes the main sand seas east of the
mountain range, where the great erg of Bilma is located. This shows the ability of
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this rather simple approach to localize great sand seas. However, the approach is
merely based on the brightness of the surface in the visible light, which leads to
the inclusion of other bright surfaces into the DSM. This commission error needs
to be considered and is likely to lead to an overly high assumption of sediment
supply in the model. The integration of the sediment supply information into the
model and the accompanied resampling of the original resolution to the model grid
is a crucial step in setting up the dust-emission model. The model resolution by
far exceeds the size of the identified dust sources, which makes it difficult to bring
these features to model resolution without loss of information. A strict approach
that favors high emitting sources over other surfaces was used. This possibly leads
to a further overestimation of sediment supply in the model. The same is true for
the estimation of Z0, for which the SSM map is used. Too generously identified
source distribution leads to too low Z0 values.
These are important factors that are able to highly influence the subsequent model
results. Nonetheless, the detection of sediment supply in the study area and the
integration of this information in the model is an important step towards a bet-
ter representation of small-scale features and highly improves the model results
compared to the control run, which does not include source information.
8.5.2 Overestimation of simulated emission flux
The simulated dust fluxes show how the model benefits from the integration of
sediment supply information: the location of dust hot spots is more accurate,
especially for the ephemeral river systems located in Zone SW and for the wadis
found along the mountain range in Zone C. These features do not show much dust
activity in the control run. By including the SSM, a similar spatial pattern of
dust hot-spots compared to the observation could be achieved. The course of the
monthly activity and hence the annual variability of dust events for the four zones
shows a number of similarities to the observation with a peaking number of dust
events in winter during Harmattan period for the Zones S and N and a peak in
activity in summer during the WAM phase for the Zones SW and C. However, the
simulated dust activity transformed into number of days with dust activity reveals
that the model produces around ten times higher activity than the observations.
In the following, explanations for this difference between model and observations
are given.
(1) The underestimation of the number of dust events that are detected from the
observational data: the Desert-Dust-RGB product is dependent on atmospheric
parameters such as temperature, relative humidity, clouds, dust layer height, sur-
face emissivity and the aerosol optical thickness of the plume (Banks and Brindley,
2013; Banks et al., 2018; Tegen et al., 2013). These parameters influence how in-
tense the pink color of a dust plume appears on the RGB product and thereby
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how easy a dust plume is detectable by eye. Missing less distinct dust plumes in
the analysis leads to an underestimation of the total number of dust plumes. The
same applies for events from sources that are fully covered by clouds and events
downwind of an existing dust plume. The temporal and spatial resolution of the
Desert-Dust-RGB images further leads to the omission of very short or very small
events. All of these factors lead to a tendency to underestimate the number of
events. Another disadvantage of the back-tracking method is the limited quant-
itative information on the thickness of the observed dust plumes, which makes
it difficult to compare the discrete number of events from the observation to the
continuous dust emission flux simulated by the model. Despite all this, the back-
tracking method of the Desert-Dust-RGB product gives the unique opportunity to
determine the true source of dust plumes in an accurate way, especially in contrast
to products derived from polar-orbiting satellites (Schepanski et al., 2012a).
(2) The overestimation of the emission flux by the model: besides a possible overes-
timation of sediment supply discussed above, another reason for an overestimation
of the dust flux by the model can be found in the interpretation of the results: the
model does not include any information on the transport and deposition of eroded
particles. Not every dust emission flux at the surface leads to the dispersion of
a real dust plume in the atmosphere. It is conceivable that many particles, al-
though suspended from the surface, are deposited in the direct vicinity of a source.
Further, very short or small events do not lead to a dust plume that is detectable
by the satellite. Although a threshold was applied on the modeled emission flux
to account for these overestimations by the model, the activity of model grid cells
is still too high and dust emission begins at wind shear stress values that are too
low.
In fact, different threshold values were applied in the interpretation phase of the
model result. The value that was finally chosen is in conjunction with the threshold
used by Tegen et al. (2013). However, Tegen et al. (2013) used a coarser resolution
model, which, according to Ridley et al. (2013), leads to a lower emission flux
due to generalization of the wind field. Hence, the threshold chosen here might be
not suitable for the model grid spacing of our study. However, a higher threshold
applied on the simulated emission fluxes leads to a major loss in events for the
hot-spot Zones SW and C during WAM phase, which lowers the seasonality in the
monthly distribution of events in these two zones. This is why, at the expense of
keeping the seasonality of dust activity, an overly large activity is accepted.
The less pronounced seasonality when applying a higher threshold, especially in
the monsoon-influenced zones, can be explained by the meteorological information
that is used to drive the model: while ECMWF ERA-interim data have been
frequently used in similar studies (Fiedler et al., 2013; Laurent et al., 2008; Tegen
et al., 2002), here wind velocities obtained from the ECMWF forecast model are
employed. This dataset has some limits in predicting convection within the WAM.
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However, it has one major advantage compared to ERA-Interim data, which is
its higher spatial and temporal resolution. To better estimate the influence of the
SSM and the small-scale dust sources, high resolution was of great importance
for this study and the shortcomings of the dataset were accepted. However, the
underestimation of the number of MCS and the lower accuracy in their location
lead to fewer days on which the threshold of wind shear stress for dust emission is
exceeded. This leads to fewer dust events during the monsoon period, especially in
those hot-spot zones that are strongly affected by the WAM.
Chapter 9
Modelling dust emission in
Namibia
Southern African dust not only plays a role in influencing the local weather and
climate, mineral dust also interacts with the biogeochemical cycles and thereby
increases the input of nutrition into the Atlantic Ocean (Vickery et al., 2013).
The origins of dust in southern Africa are, like for most deserts, manifold and are
influenced by both natural and anthropogenic processes. Similar to the analysis of
dust emission in the central Sahara presented in Chapter 8, the aim of the mod-
elling study in Namibia is to localize dust sources formed by alluvial sediments
and to analyse the spatio-temporal variability in dust activity in Namibia over a
longer period. From the results of the analysis, conclusions will be drawn about
the connection between dust emission and large scale meteorology.
Two main source types are investigated in the Namibian model domain: systems
of ephemeral river beds along the northern Namibian coast and the Etosha pan
in the north of Namibia. The coastal ephemeral river beds comprise nine river
catchments between the Kuiseb in central Namibia and the northmost catchment
of the Hoarusib river close to the border to Angola (Vickery et al., 2013; von Holdt
et al., 2017). The Etosha pan is a large salt lake in northern Namibia (Bryant,
2003; Vickery et al., 2013). It is highly influenced by inundation and sediment
entrainment from ephemeral channels. Figure 9.1 shows the size and location of
the nine catchment areas in the northern part of Namibia as well as the Etosha
pan in northern Namibia and the extent of the model domain (red box).
Rainfall in Namibia is highly seasonal. The driest country in southern Africa has
experienced a number of weather extremes in recent years, including record rain-
falls in 2011 and a severe drought in 2013. The strength of precipitation can be
linked to the El Niño Southern Oscillation (ENSO) and to sea surface temperat-
ure (SST) anomalies of the Indian Ocean: there is a positive correlation between
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Figure 9.1: Model domain (red box) and zoomed-in subset of river catchments from north to
south: a) Hoarisub, b) Hoanib, c) Uniab, d) Koigab, e) Huab, f) Ugab, g) Omaruru, h) Swakop
and i) Kuiseb and of j) Etosha pan.
La Niña phases and wetter than usual conditions in southern Africa (Ward et al.,
2014), which may lead to a high variability of dust emission from alluvial sources
from one year to another (Bryant, 2003). In the future, the southern African con-
tinent is expected to experience a particularly pronounced decline in precipitation
(Nkemelang et al., 2018; Serdeczny et al., 2015), which may strongly alter the dust
particle emission from the subcontinent.
The focus of this chapter is the implementation of the two alluvial source types
(coastal river valleys and Etosha pan) in the oﬄine dust-emission model and to
perform a 13 year model study from January 2005 to December 2017 to identify
how large scale meteorology and climatology control dust emission from alluvial
sources in Namibia. The findings may play a role in estimating future dust emission
fluxes, especially when considering ENSO extreme events under a changing climate.
9.1 Preparing the model
The specific alluvial features of Namibia, i.e. the Etosha pan and its regular in-
undation and the river valleys along the coast that drain into the Atlantic ocean,
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are included in the oﬄine dust emission model. The following sections describe
these features and the steps that are necessary to implement them into the model
in more detail.
9.1.1 Etosha pan inundation and water mask
The Etosha pan is situated in northern Namibia within the southern part of the
Etosha basin that covers northern Namibia and southern Angola at a mean elev-
ation of 1080 m asl (Bryant, 2003; Buch and Trippner , 1997). The whole basin is
covered by sediments of the Kalahari group that reach a vertical extent between
50 m and 250 m from the southern to the northern margin of Etosha pan (Buch
and Trippner , 1997). The surface area of the pan is approximately 6000 km2.
Major aeolian erosion events take place towards the end of the dry season and
the beginning of the wet season (August/September/October) when the topsoils
are extremely dry and the vegetation cover is sparse (Bryant, 2003; Buch and
Trippner , 1997; Tesfaye et al., 2011; Vickery et al., 2013). The Etosha pan re-
ceives its main water inflow from an extensive network of ephemeral channels to
its north. These channels are locally termed as oshanas, and are characterized
by fine-grained fluvial sediments and sparse vegetation (Bryant, 2003). When the
oshanas are activated (i.e. carry water) during the wet season, this can lead to shal-
low inundation of Etosha pan. Bryant (2003) investigated the atmospheric dust
load derived from the Etosha pan together with inundation of the pan within a
five years period from 1996 to 2000, where two major inundation events could be
determined, one in 1997 and one in 2000. The author of this study suggests that
(1) dust emission is lowered for periods of inundation and for the period imme-
diately after the inundation and (2) the timing of the following dust season may
be altered. The author names three main factors that influence the dust activity:
high groundwater levels and increased soil moisture, increased vegetation cover,
and reduced windiness.
As mentioned above, the precipitation in southern Africa is connected to ENSO
with potential higher precipitation rates in La Niña phases. Further, precipitation
rates may strongly be altered in a changing climate, potentially leading to much
lower precipitation rates in southern Africa in the future. This may lead to a
decrease in channel flooding of the oshanas that drain into Etosha and therefore
to an alteration of dust activity (compare Bryant (2003)).
In summary, two main characteristics can be determined from the above, that need
to be considered for the model simulation: (1) the Etosha pan is covered by fine
silty material. A thick layer of sediments is available here, still tens to hundreds of
meters in vertical extent. Further, sediment inflow may take place from the system
of oshanas to Etosha’s northern side. Hence sediment supply is most likely not
the limiting factor for dust emission from Etosha. (2) The Etosha pan is highly
92 Modelling dust emission in Namibia
Figure 9.2: True color time series of Landsat-8 imagery for 2017 shows innundation of the
Etosha pan between February and October. Images derived from the USGS LandsatLook
Viewer (https://landsatlook.usgs.gov/)
influenced by the groundwater table, which can be above the surface in years with
above-average rainfalls due to inflow from the ephemeral river systems to the north.
Partial or complete inundation of the Etosha pan limits sediment availability and
hence dust emission from the pan. These two characteristics need to be considered
in the oﬄine model setup.
To account for the supply in suitable sediments of the pan, the same soil size
distribution as for ephemeral river beds (medium emitting alluvial) is assigned
to the grid cells that cover Etosha pan. Table 9.1 shows the composition of the
assumed surface sediment layer.
The flooding of Etosha pan varies strongly from year to year. While in most years,
a small amount of water cover at the northmost region of the pan can be observed,
more extreme flooding covering larger parts of the pan takes place only irregularly.
As an example, Figure 9.2 shows the flooding visible from Landsat-8 true color
composites between January 2017 to October 2017: the greatest extent in water
cover was reached in March and continuously withdrew until October, when the
surface water layer had disappeared almost completely.
To analyze the inundation of the pan in the model period from 2005 to 2017 and to
implement Etosha water cover in the dust-emission model, a monthly water mask
is created for the Etosha pan as outlined in Section 7.4. Figure 9.3 represents the
area covered by water between 2005 and 2017. Besides this, the figure shows the
ENSO index of the 3.4 region. The 3.4 region represents the sea surface temperature
anomalies for a box spanning between 5◦S-5◦N and 170◦W-120◦W in the central
Pacific and is considered to be the most representative ENSO region (Barnston
et al., 1997).
Together with the ENSO index, the water cover time series underlines what was
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Figure 9.3: Water cover of Etosha pan derived from values of the NDWI > 0.4 for the period
from 2005 to 2017. The grey line indicates the ENSO 3.4 anomaly.
discussed before: at least for some years, there is a clear connection between ex-
treme La Niña phases and the area of Etosha that is flooded. This connection is
particularly strong for the years 2008, 2009 and 2011, for which very low ENSO
index anomalies (i.e. strong La Niña phases) were observed in the beginning of the
wet season. During these three years, the total area of the pan is covered by water
while the inundation of 2017, represented by the Landsat time series of Figure
9.2, shows a medium strong inundation event. Further, the water cover data shows
that in almost every year, at least some parts of the pan are covered by water for
at least one month. However, the period from the beginning of 2013 to the end of
2016 is marked by very low water cover. For this four year period, only a small
peak can be observed in March and April 2014. This may be a consequence of a
severe drought Namibia experienced in 2013 as a consequence of one of the driest
rainy seasons ever recorded for the country in 2012/2013 (Haeseler , 2013).
The 500 m resolution monthly water mask is resampled to model grid spacing
and implemented in the model as a binary information (water cover / no water
cover). For grid cells in which water cover is present, dust emission is suppressed
completely.
9.1.2 Alluvial fines map of Namibia
The sources along the northern half of the Namibian coast can be subdivided into
the catchment areas of nine ephemeral river systems that drain into the Atlantic
Ocean. These coastal sources experience their main dust activity from April to
September, when dry conditions lead to low vegetation cover and frequent Berg
wind situations can be observed (Vickery et al., 2013).
An alluvial fines map (AFM) is created for the study area following the approach
presented in Section 7.3.1. For this, the MODIS channels B6 (1628 - 1652 nm), B2
(841 - 875 nm) and B1 (620 - 670 nm) are used. Although these channels do not
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Figure 9.4: Alluvial sediments map of Namibia derived from MODIS MOD09A1 reflectances
and HydroSHEDS data. The subset on the right shows the ephemeral river beds along the
northern Namibian coast that are considered as important dust sources.
cover the exact same wavelength ranges like the Sentinel-2 data, they still cover the
SWIR, the NIR and the red visible wavelengths and hence fulfil the requirements
of the approach. The resulting AFM map is implemented in the model like it was
done for the Aïr Massif in Niger (see Chapter 8). One reason for using MODIS data
here is the lower spatial resolution of MODIS compared to Sentinel-2 which makes
the amount of data manageable and processing faster. Further, using a different set
of input information shows how the approach is transferable to other sensors and
other resolutions. Figure 9.4 shows the alluvial sediment availability for the study
area. On the right, a zoomed-in subset of this map shows the river catchments
in more detail. The ephemeral river beds are characterized by a highly increased
alluvial sediment availability.
A comparison of the detected river valleys with Google Earth imagery shows a quite
satisfying representation of their location, especially the relevant valleys along the
northern Namibian coast. The continuous alluvial availability is translated into a
binary information (alluvial sediments / no alluvial sediments) using a threshold
of 0.2. This threshold was found to best represent river valleys in the final map
without leading to a too strong abundance of alluvial sediments in the final model
resolution. To the alluvial pixels, the same soil size distribution is assigned for the
medium emitting alluvial sediments in Chapter 8 (see Table 9.1).
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9.1.3 Soil size distribution for Namibia
In contrast to the Aïr model study (Chapter 8), further soil information is included
in the soil information map to allow for emission from all regions instead of limiting
emissions to the source regions. For this, all pixels that are not identified as alluvial
features are now assigned to one of four texture classes. These texture classes are
derived from the most recent version of the SoilGrid database described by Hengl
et al. (2017). The SoilGrid database is a modelled global soil distribution based on
150,000 soil profiles and expert knowledge and is available in a resolution of 250
m. Soil textures are available for seven depths from 0 to 200 cm and for the three
texture classes of sand, silt and clay. Table 9.1 shows the assumed composition and
particle diameters for the four texture classes found in Namibia according to the
SoilGrid database. In Figure 9.5A) the spatial distribution of the assumed soil size
distribution for the study area is represented. As can be noted from Figure 9.5,
the southern part of Namibia is to a large part covered by alluvial fine material.
This is due to a large river system and very bright surfaces found here. However,
this region is not known as an active dust source region and the input information
will possibly lead to overly strong dust fluxes from the region.
Table 9.1: Statistical parameters of the soil size distributions assumed for the surface types
that were determined for the study area in Namibia. α represents the respective saltation
efficiency of the surface types, defined by Equation 2.6.
Surface Type Dmed[µm] σ % α
medium emitting alluvial 125 1.6 37.5 6.15 × 10−6(ephemeral river beds / Etosha) 210 1.8 62.5
sandy clay loam (SaClLo)
2 2 27












4.90 × 10−615 2 5158 2 46
707 2 46
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Figure 9.5: Model input information at the model resolution: A) Soil texture information that
is included in the model. The map is a combination of the alluvial fines map, represented by
Figure 9.4 and the topsoil texture data derived from SoilGrid database. B) Aerodynamic
roughness length of the overall surface (Z0) adapted as described in Section 7.6.2.
9.2 Model results
Figure 9.6 shows the mean annual sum of dust emission simulated for the 13 year
period. As can be noted, the main dust activity takes place along the Namibian
coast, where the dry river valleys are located in the northern half of the country
and the Namib desert is found in southern Namibia. Another hot spot can be
localized at the Etosha pan and the oshanas to its north that feed the pan with
water and sediments. The amount of dust emitted per year ranges between 0 and 2
kg per m2 for most parts of the model domain. However, along the shore and along
some of the river beds, dust emission is much higher reaching values up to 10 kg
per m2 and year. In inland southern Namibia, another dust hot spot can be found.
This is a result of a high abundance of alluvial sediments in this region derived
from the AFM-map. In fact, a large river bed is found here and bright surfaces can
be noted from the MODIS reflectances. However, a comparison to Vickery et al.
(2013) shows that the dust flux here might be overestimated by the model.
In the following, a closer look is taken at the coastal sources of Namibia and at
Etosha pan. The monthly sums of dust emission from Etosha pan and the monthly
sums over all catchment areas for the full 13 year model period (2005-2017) are
shown by Figure 9.7A) and B), respectively.
Additionally, Figure 9.7A) shows the monthly flooded area within Etosha pan.
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The varying water cover of the Etosha pan clearly affects the amount and timing
of dust emission from the pan. In years with extensive flooding of the pan (2008,
2009, 2011), dust emission remains at a low level throughout the year. In years
during which water cover presence falls within the first half of the year, dust
emission reaches its peak later in the same year. The model results align with the
findings of Bryant (2003) who stated that dust emission is generally at a lower
level for years with strong inundation and that the timing of the next dust season
is altered. It is not surprising that the model is able to simulate these features, as
dust emission is suppressed in the model for grid cells that are covered by water.
However, the results show that by including surface water information the quality
of modelled dust emission can be increased.
Figure 9.6: Mean annual dust emission flux between 2005 and 2017 for the model domain.
Dust emission hot-spots can be found along the coast, at Etosha pan and its inflow channels
and in the southwestern region of the domain.
Apart from this, the monthly activity shows that dust emission from Etosha pan
peaks between August and October for most years. The timing agrees with other
observational studies that analyse dust emission from Etosha pan (Bryant, 2003;
Buch and Trippner , 1997; Tesfaye et al., 2011; Vickery et al., 2013). In contrast to
this, the monthly emissions from the catchment areas (Figure 9.7B) show a slightly
earlier peak in main dust emission in June, July or August, which are aligned with
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the dust maximum activity for coastal sources identified by Vickery et al. (2013)
and von Holdt et al. (2017).
Figure 9.7: Monthly simulated sum of dust emitted from (A) the Etosha pan including the
water cover of the pan (blue line) and (B) from the river catchments along the northern
Namibian coast between 2005 and 2017.
9.3 Comparison of simulated emission flux to MODIS DB
DOD
To analyse whether the simulated dust emission flux for the model period captures
the spatial distribution and the timing of dust sources in the model domain, a com-
parison to the frequency of (dust plume) observation (FOO) derived from MODIS
DB AOD is performed. To compare the FOO information, the dust emission flux
derived from the model is translated to a discrete number of simulated dust events
using a threshold of 1 x 10-5 kg/m2, the same value as in the study of the central
Sahara. This enables the quantification of the number of days with dust activity
simulated by the model, which can then be compared to the satellite derived FOO.
Figure 9.8 shows a comparison of the mean annual sum of A) the FOO derived
from MODIS Terra DB data, B) the FOO derived from MODIS Aqua DB data and
C) the days for which the dust flux simulated by the model exceeds the threshold
of 1 x 10-5 kg/m2. All three maps show a peak in dust activity along the Namibian
coast and at Etosha pan. The model shows another dust hot spot in the southwest
of the model domain, which is not visible in the MODIS data. Further, the number
of dust events simulated by the model is somewhat higher for the coastal sources.
A closer look at the temporal variability in activity and the agreement between
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Figure 9.8: Mean annual sum of dust events counted in the study area for the investigated
period from January 2005 to December 2017 from A) MODIS Terra DB, B) MODIS Aqua DB
and C) by thresholding the simulated dust emission flux.
model and observation on a temporal scale is taken by Figure 9.9. It shows the
monthly mean activity (active grid cells divided by total number of grid cells) for
A) the river catchments along the northern Namibian coast (compare Figure 9.1)
and of B) the Etosha pan for the FOO derived fromMODIS Terra and Aqua and for
the simulated dust fluxes. The river catchments represented by Figure 9.9A) show
that the mean dust activity estimated from the observation and from the model
is in the same order of magnitude. However, there is only little agreement in the
temporal variability of dust activity between satellites and model. Especially the
peaks in dust activity in the second half of the year that are simulated by the model
are not represented by either one of the satellite products. The dust activity of the
Etosha pan (Figure 9.9 B) shows a much better alignment between observation and
model in both the magnitude and the temporal variability in activity. Both sets
of information show peaks in dust activity in September to November. However,
especially towards the end of the observational period from 2014 to 2017, the model
shows a much higher frequency in activity compared to the satellite products for
those months for which generally high activity is observed.
Overall the temporal and spatial comparison between model and satellite obser-
vation show that there are differences in the agreement between both datasets.
According to the model, the coastal sources are much more active than observed
by the satellite, while the spatial and temporal variability in dust activity at Etosha
pan is similar for model output and satellite observation. Several reasons may lead
to a discrepancy between modelled and observed fluxes along the northern Nami-
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Figure 9.9: Monthly mean activity (number of active grid cells divided by the total number of
grid cells) based on MODIS DB Terra and Aqua and on the oﬄine model for A) the catchment
areas of northern Namibia and B) for Etosha pan.
bian coast - some of which are discussed in the following:
Overestimation of the alluvial availability in the model
A clear overestimation of the simulated dust flux can be found at the southwestern
edge of the study area. Here, the AFM identifies a high alluvial availability which
is based on high values of the hue band and a large upstream area of the respect-
ive pixels in the HydroSHEDS flow accumulation data. Although Vickery et al.
(2013) have identified a number of dust plumes from this area, the dust activity
simulated by the model is in a similar magnitude like it is for coastal sources and
for the Etosha pan. None of the known dust source studies of southern Africa have
identified dust activity in this magnitude from this area. This shows that the ap-
proach to identify alluvial fine sediments is likely to overestimate the availability
in the area. Similar to this, the sediment availability and the dust activity along
the coast may be overestimated by the model which could explain parts of the
higher frequency in activity compared to the satellites.
Overestimation of the number of dust events from the simulated flux
Although a threshold is applied on the dust emission flux of the model to exclude
very small fluxes from the analysis, the frequency of simulated dust events may not
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be comparable to the FOO derived from the satellite measurement. It needs to be
kept in mind that the model simulates surface fluxes but no transport pathways.
In contrast to this, the satellite measures airborne (i.e. transported) plumes. Not
every surface flux simulated by the model necessarily leads to an airborne dust
plume that is transported over a considerable distance and that can be measured
by the satellite. The transport pathways rather depend on the local and regional
meteorology and are not analysed in this work. Hence, the number of dust events
at the surface may be a lot larger than the dust plumes that can be observed in
the atmosphere. The same has been discussed in Chapter 8 where the dust activity
of the central Saharan study area was analysed.
Differences in the timing of satellites and model
The Terra and Aqua satellites overpass the area of interest twice a day, once during
day time and once during night time. The DB algorithm only works for the daytime
overpasses, leading to one DB product per day for each satellite, which is captured
during the morning hours for Terra and shortly after noon for Aqua. These two
discrete time steps are compared to the maximum daily emission flux derived from
the model. It is hence not guaranteed that the dust event simulated by the model
takes place at a time period in which a resulting plume could be detected by one of
the MODIS satellites. From this, a logical consequence again is the larger number
of dust events simulated by the model compared to the FOO derived from MODIS
DB.
The product is not suitable for the geomorphology (and geometry) of the
sources
The discrete overpass times outlined in the previous paragraph not only lead to
a temporal disagreement, but also to a spatial difference of model and satellite
observation. Dust source activation may have taken place hours before the plume
is measured by the satellite, leading to a misslocation of the source in downwind
direction (compare also Schepanski et al. (2012a). In the case of the coastal sources
this potential temporal difference between dust emission and satellite overpass
leads to the circumstance that the dust plume may not be localized over land
but over the Atlantic Ocean. The DB algorithm, however, is only created for land
surfaces and cannot detect dust over water. The product hence is not able to
capture these plumes. This is particularly crucial for the Namibian coastal sources
as von Holdt et al. (2017) state that mineral dust from these sources is almost
exclusively transported towards the Atlantic Ocean.
Another problem of the dataset in the present study area has been identified
byBaddock et al. (2009): the MODIS DB algorithm sometimes has problems in
discriminating between very bright surfaces and clouds and hence masks out these
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bright surfaces. Especially for the very bright Etosha pan this leads to a lower
availability in data for this source.
All of this shows the difficulties when comparing the simulated dust emission flux
with temporally discrete satellite observations. A large number of uncertainties are
induced by the usage of only one dust product. In the outlook of this chapter, a
number of recommendations are given to improve this comparison. Nevertheless,
the comparison of MODIS DB and the model results show that for most of the
study area, the dust source locations align: most dust activity is present along
the coast and for Etosha pan, a fact that all three data sources (Terra, Aqua and
model) are able to detect. However, the comparison also shows that it is very likely
that the model overestimates the dust emission flux in the southwestern domain
as a result of a too highly assumed alluvial sediment availability.
9.4 Meteorological controls on dust emission
In this section, the main meteorological controls are identified that lead to the
spatio-temporal variability in dust activity simulated for Namibia. For this, simu-
lated dust fluxes are compared to wind velocity and direction and to the pressure
gradients derived from the pattern of geopotential height in the southern African
region.
9.4.1 Wind pattern and dust activity
For the river catchments and Etosha pan, the local wind pattern are analyzed
using wind data of the ECMWF 0.1◦ forecast model. Figure 9.10 shows two wind
roses for each catchment zone (compare Figure 9.1) and for Etosha pan: for each
region, the left wind rose represents the frequency and strength of the modelled
dust activity for each wind direction. The right wind rose shows the frequency of
each wind direction and the respective wind velocities. For both wind roses each
grid cell within the sub regions and each time step of the ECMWF forecast data
(3 hourly temporal resolution for 2005 - 2011, 1 hourly for 2012 - 2017) repres-
ents one data point. The wind roses show that for most of the coastal catchments,
southwestern and northeastern wind directions dominate. Solely the Koigab catch-
ment experiences most winds from a southwestern to southern direction. Another
feature noticeable from the wind roses is that the winds from the northeastern
direction tend to be stronger than those from the southwestern direction for some
of the catchments, i.e. Omaruru, Uniab, Huab, Hoanib and Swakop, while for the
others, southeasterly and northwesterly winds have similar wind speed distribu-
tions. The dust emission from the coastal catchment sources generally aligns well
with the main wind directions. Most dust emission occurs for winds from north-
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eastern and southwestern directions. However, some catchments show particularly
strong emission for winds from either one of these directions: the Huab catchment
emits most of its dust when wind blows from the southwestern direction, while
the Uniab and Omaruru catchment hold strongest dust fluxes for wind from the
northeasterly direction. The analysis of dust emission from the coastal catchments
shows that dust source activation takes place for both northeasterly and south-
westerly winds. This is in contrast to the findings of von Holdt et al. (2017), who
connected dust activity observed from MODIS true color imagery only with winds
from northeasterly direction.
The wind roses of Etosha pan are marked by a red box in Figure 9.10. The main
winds here blow from the eastern to the east-north-eastern direction. Another
smaller peak is located at the south-west-southern direction. Although wind is a
lot less frequent from this direction, a considerable frequency of strong winds of
more than 7.5 m/s occur. Dust activity is mainly connected to east-north-eastern
directional winds.
The dust activity of the catchments and of Etosha pan often correspond to the
main wind directions with a clear tendency of strongest emissions towards the
highest wind velocities. However, dust activity is not solely a function of wind
velocity. Other parameterizations of the model, i.e. soil size distribution, monthly
vegetation and water cover play a role and result in offsets between the strongest
wind direction and the strongest dust activity.
9.4.2 EOF and PC analysis
Figure 9.10 shows how dust emission is connected to wind direction and partic-
ularly to wind speed. The dust activity is strongly dependent on the horizontal
winds that are a consequence of the distribution of pressure systems and pressure
gradients. To analyze what regimes lead to particularly high or low dust activity,
the ECMWF geopotential height at 850 hPa is used and, to exclude the diurnal
cycle, only 00:00 UTC time steps are taken into account. For the 13 year period
this sums up to 4748 time steps. The domain for the analysis ranges between 0◦-
50◦E and 5◦-45◦S, covering southern Africa, the southern Atlantic and the southern
Indian Ocean. First, the data is detrended to remove long-term trends, like those
induced by climate change. Second, the seasonal variability is removed by sub-
tracting the long-term monthly means from the data. The resulting uncorrelated
dataset is used for the creation of empirical orthogonal functions (EOFs) and prin-
cipal components (PCs). To achieve coherent structures from the input data and to
make the result physically interpretable, the EOFs are expressed as the correlation
between each PC and the input data set rather than the covariance as suggested
by von Storch and Zwiers (1999).
The first three EOFs are represented by Figure 9.11. The variance explained by
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Figure 9.10: Wind roses showing the connection between dust emission and wind direction
(left) and wind speed and wind direction (right) for the nine catchments along the coast: a)
Hoarusib, b) Hoanib, c) Uniab, d) Koigab, e) Huab, f) Ugab, g) Omaruru, h) Swakop and i)
Kuiseb and for j) Etosha pan.
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each of them is indicated above the sub-figures as percentages. In sum, EOF 1 to
EOF 3 explain more than 75% of the total variance. The EOFs show anomalies of
the input dataset, the geopotential height at 850 hPa. However, the EOFs them-
selves cannot directly be interpreted physically. Due to the nature of eigenvalues,
the sign of the anomalies represented by each EOF is not connected to particularly
high or low values of the geopotential. However, a closer look into the patterns of
the three EOFs already reveals that each of them represents a unique spatial dis-
tribution of anomalies and a unique number and location of centers of action in the
geopotential: the first EOF shows an anomaly center of geopotential height south
of the subcontinent reaching far inland. In contrast to this, EOF 2 shows a dipole
with two centers of action, one in the southern Atlantic, the other in the southern
Indian Ocean. The third EOF is characterized by three centers: two with the same
sign on the southern Atlantic and the southern Indian Ocean and a third with the
opposite sign between these two centers, that reaches far into the southern African
subcontinent. To each of the EOFs, a principal component (PC) time series holds
the temporal evolution of the EOF pattern. In other words, by multiplying the
PC with the respective EOF, the input information can be retrieved. The 10-day
rolling mean of the first three PCs that belong to the EOFs represented by Figure
9.11 are shown by Figure 9.12. The PCs were normalized to a value range form -1
to 1 by dividing through the absolute maximum prior to the creation of the rolling
mean.
Figure 9.11: First three EOFs derived from the geopotential height at 850 hPa at 00:00 UTC
for each time between January 2005 to December 2017 and variances explained by each of the
EOFs.
The EOFs and PCs can be connected to specific atmospheric patterns. The aim
is to identify which of these patterns lead to increased dust activity in the study
area. For this, days with extremes of these patterns are used and compared to
dust activity derived from the model simulations: days below and above the 5th
and 95th percentiles of each of the PCs are identified and the mean geopotential
of these days is created, represented by Figure 9.13. The lower part of the same
figure shows the percentage of each season that goes into the respective means.
The geopotential height maps show a similar pattern as already identified for the
106 Modelling dust emission in Namibia
Figure 9.12: First three PCs normalized to values between -1 and 1. Figures show the 10 day
rolling mean. The PCs are derived from the geopotential height at 850 hPa at 00:00 UTC for
each time between January 2005 to December 2017 and belong to the respective EOF
represented by Figure 9.11.
EOFs. Sub-figures 1a and 1b in Figure 9.13 show a single dominating high and low
pressure system, respectively, located at the tip of the subcontinent and reaching
inland. A dipole with relatively high pressure over the Indian Ocean and a low
pressure wave reaching far northward above the southern Atlantic and vice versa
are shown on the sub-figures 2a and 2b, respectively. Sub-figure 3a shows low
pressure over most of the subcontinent, a low pressure wave reaching up to the
southern African tip and high pressure systems to the east and to the west of the
subcontinent. Sub-figure 3b shows a high pressure system inland over the southern
African Escarpment while low pressure prevails over the two oceans.
The six scenarios can be considered as consequences of the location and the
strength of the two high pressure systems usually located above the Indian and
the Atlantic Ocean, i.e. the Indic-Mascarean-High and the St.-Helena-High, and
of the extent, the mid-latitudinal low pressure belt pushes northward. Sub-figure
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Figure 9.13: Top: mean geopotential height at 850 hPa in gpdm based on ECMWF
geopotential 00:00 UTC for 1a) PC-1 above 95th percentile, 2a) PC-2 above 95th percentile,
3b) PC-3 above 95th percentile, 1b) PC-1 below 5th percentile, 2b) PC-2 below 5th percentile,
3b) PC-3 below 5th percentile. Bottom: percentages of days for each season (summer: red,
spring: yellow, winter: lightblue, fall: green) for which PC-1 to PC-3 are above and below the
95th and 5th percentiles, respectively.
3b, where a strong high pressure system is found on the interior of the subcontin-
ent, represents a typical Berg wind situation, where strong dust emission can be
expected at least for the coastal dust sources. It is striking from the lower part of
Figure 9.13, that for all of the six patterns, the summer months seem to be the
most dominant.
To analyze how these patterns influence dust emission in the study area, Figure
9.14 shows the dust activity simulated for the respective days that go into each of
the six meteorological patterns. The figure shows the dust activity as the deviation
from the mean over all years. Below average or average emissions are shown by
Figure 9.14.1a and 1b. Particularly strong dust activity in the Namib desert along
the southern Namibian coast is reached for the pattern 9.14.2b, when southern
Namibia is under the influence of the St.-Helena high pressure system. Sub-figure
9.14.3b shows particularly strong dust fluxes for the northern Namibian coastal
sources and the Etosha pan. This aligns with the pressure pattern represented
by 9.13.3b - a typical Berg wind situation with high pressure over the continent
and lower pressure over the oceans, leading to an air flow down the Escarpment,
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and thereby, to hot and dry winds along the Namibian coast and to dust source
activation here (compare von Holdt et al. (2017)).
Figure 9.14: Dust flux deviation from mean for each grid cell for 1a) PC-1 above 95th
percentile, 2a) PC-2 above 95th percentile, 3b) PC-3 above 95th percentile, 1b) PC-1 below 5th
percentile, 2b) PC-2 below 5th percentile, 3b) PC-3 below 5th percentile.
9.5 Summary and conclusions for Namibian dust sources
The spatial distribution of modelled dust activity for the 13 year period from 2005
to 2017 is strongly connected to the distribution of alluvial fine material identified
in the creation process of the AFM. The main dust hot-spots are found along the
Namibian coast, at Etosha pan and in the southwestern part of the domain in
the Kalahari region. The temporal variability of the simulated dust fluxes in the
investigated period is analyzed for the coastal river catchment sources along the
northern Namibian coast and for Etosha pan. The timing of dust activity of these
two source regions shows good agreement with findings of previous studies: the
peak dust activity in June - August has been observed for coastal sources (Vickery
et al., 2013; von Holdt et al., 2017) and in August - October for the Etosha pan
(Bryant, 2003; Vickery et al., 2013). A comparison between modelled dust emis-
sion flux and the FOO derived from the MODIS DB product of Terra and Aqua
shows that the spatial distribution of dust hot spots in the model domain is well
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preserved except for the simulated hot-spot in the southwest of the domain which
could not be confirmed either by the satellite observations or by other dust stud-
ies performed in the region, although Vickery et al. (2013) have identified some
activity from the area. The simulated temporal variation in dust activity of Etosha
pan aligns well with the satellite observations, while for the coastal sources the
temporal comparison shows some discrepancy between the model and the obser-
vations. A number of reasons for the spatial and temporal differences between the
observations and the model are given in Section 9.3. From this discussion it can be
concluded that the MODIS DB AOD may not be suitable to detect dust activity
due to its spatial and temporal restrictions. By this, the comparison between what
is measured by the satellite (plume location after a certain transport) and what is
derived form the model (source location) differ. Furthermore, a major problem for
this study area is the likelihood that many of the dust plumes originating from the
coastal sources are likely to be located over the ocean at the time of the satellite
overpasses. These plumes cannot be detected by the product at all. Although the
MODIS DB AOD in this case may not be the most suitable dataset for a model
comparison, it still shows that the main dust source hot-spots of the model and of
the observational data agree. For a future analysis of dust activity in the region,
however, other products or a combination of several information sources may be
more suitable to localize dust sources. For example, to be able to measure dust
plumes of the coastal sources that have been transported over the Atlantic ocean,
the use of the MODIS Dark Target product may be advantageous. The usage
of more continuous datasets and approaches, like the back-tracking of the MSG
SEVIRI Desert-Dust-RGB product that was used in the study focussing on the
central Sahara, can help to get a more accurate estimation of the temporal variab-
ility in activity of Namibian dust sources and to pinpoint the true sources of dust
plumes. Further, ground-based measurements, e.g. from AERONET or LIDAR
stations located downwind of the sources, can help specifically to determine the
temporal variability more precisely. Some studies have also successfully used visib-
ility data from synoptic stations to identify dust (e.g., Ozer et al., 2007). However,
this approach is difficult as confusions with other aerosol types, e.g. from pollution
or biomass burning, may occur. A more holistic validation of the emission flux
using one or several of these products and approaches may be subject of future
analyses. Nevertheless, it can generally be stated that the comparison to previous
dust source studies performed in the region and to some extent the comparison
to MODIS DB shows that the model generally simulates satisfying dust fluxes in
both spatial and temporal terms.
The simulated dust emission fluxes are used to identify weather patterns that lead
to increased dust activity in the domain. For this, the simulated dust emission flux
is compared to wind direction and wind speed data of the ECMWF forecast model.
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This comparison shows that dust emission is strongly dependent on the main wind
directions and the wind directions of the strongest wind speeds. However, the result
also reveals that the dust activity is not simply a function of wind speed but is also
dependent on other surface characteristics defined in the model. To identify the
meteorological patterns that lead to an increase in dust activity, an EOF analysis
of geopotential heights at 850 hPa is performed and extremes of the three leading
EOFs are translated into the respective weather patterns. These patterns show
different locations of the main large scale pressure systems leading to high and low
pressure influences on the subcontinent and to the activation of different hot-spot
regions throughout Namibia. Especially the weather pattern that can be associated
to the Berg wind situation leads to increased dust activity along coastal sources
and the Etosha pan.
Overall, the study shows how Namibian dust activity simulated by the model is
connected to the local meteorology and to climatological features. This includes
the precipitation that leads to inundation of the Etosha pan and to the formation
of fresh alluvial sediments in the river valleys along the Namibian coast. It could
also be shown that inundation of Etosha is connected to La Niña phases at the
beginning of the year. Most important for particle entrainment is the wind speed
which is derived from the pressure gradients and the location of pressure systems.
Depending on the location of the main high pressure systems and the northward
pushes of the low pressure belt, wind speed and dust emission vary in space and
time. These are important findings that can help us to understand the connection of
weather, climate and dust activity in southern Africa and to estimate how particle




Mineral dust emission from arid environments always is a threshold problem. Only
when the threshold velocity Uth* is exceeded can dust emission take place. A surface
that acts as a dust source needs to fulfil three main criteria:
1. the source must hold suitable sediments for emission (sediment supply).
2. the sediments at the source must be available for emission, i.e. they need to
be uncovered and unaggregated (sediment availability).
3. the wind regime must allow for inducing particle movement by applying wind
velocities that exceed Uth* (transport-capacity).
If all three criteria are fulfilled, dust emission takes place and the source is active.
Dust emission is hence an interplay between surface sediment structure, geomor-
phology, land cover and meteorology.
Alluvial features are surface structures that are formed and influenced by surface
runoff. In deserts, these features are often ephemeral and carry water only during
wet periods. Some of these features have not had surface runoff for years, decades
or even centuries or millennia. Alluvial features in deserts comprise ephemeral
river beds, alluvial plains, alluvial fans and bajadas, playas and salt pans. These
features hold large amounts of fine grained sediments in the size range of silt. Silt
sized particles are considered to be the most important size fraction to be emitted
and transported as mineral dust. Alluvial features are hence structures, that can
be considered as very dust active, a fact that has been proven by a number of
studies (e.g. Baddock et al. (2016); Bullard et al. (2011); Ginoux et al. (2010, 2012);
Prospero et al. (2002); Reheis and Kihl (1995); Schepanski et al. (2013); von Holdt
et al. (2017)). Although alluvial features are abundant in arid environments, they
are often not represented in land surface data bases and land cover information.
This is due to the comparably small area that is covered by these features and
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by the low availability of high resolution data for the remote desert regions of the
globe. Hence dust-emission models often lack a suitable parameterization of these
features, although known to be a prominent source.
In this work, an approach was presented to detect these alluvial features with
globally available datasets at high resolution. For this, two main characteristics of
alluvial features were taken into account:
1. Alluvial features accumulate at the lower parts of river catchments (Zender
et al., 2003). To pinpoint the regions, where alluvial sediments are likely
to accumulate, the HydroSHEDS flow accumulation dataset is used. This
dataset gives information on the number of upstream pixels that drain into
each respective pixel. The larger the number of upstream pixels, the higher
the probability that alluvial sediments accumulate.
2. Alluvial features are covered by fine grained, silty material. These sediments
appear bright in the visible light but also in the near to short-wave infrared
wavelengths (El Bastawesy et al., 2009; Parajuli and Zender , 2017). This
characteristic is used by transforming an RGB image composed of short-wave
infrared (SWIR), near infrared (NIR) and visible wavelengths into HLS color
space. By using the hue band of the transformed image, the bright alluvial
sediments can be extracted and combined with the flow accumulation.
The resulting alluvial fines map (AFM) shows the distribution of alluvial features.
This information was used in the two scientific chapters (Chapter 8 and Chapter
9) of this thesis that focus on two study areas, one located in the central Sahara,
the other one located in Namibia.
In the Saharan study area, the distribution of alluvial sediments determined by
the AFM was used to understand the behaviour of alluvial dust sources. The dust
activity observed from the MSG SEVIRI Desert-Dust-RGB product was compared
to the distribution of alluvial sediments, to the local vegetation cycle, to the wind
pattern and to precipitation rates. The results of this analysis show that alluvial
sediments occur where precipitation rates are high. Furthermore, increased veget-
ation growth can be observed within the alluvial features. A comparison of alluvial
dust sources with other sources in the region revealed that they react differently.
These differences are especially observable in their temporal behaviour. Alluvial
dust sources are not limited in the supply with fresh sediments. The circumstance
that sediments of many grain sizes are available makes these sources less depend-
ent on wind events with very high wind speeds. What limits the activity of alluvial
sources is the presence of vegetation and probably of other factors connected to the
precipitation, i.e. increased soil moisture and soil crusts. Other source regions in
the area that do not hold alluvial features and with them mechanisms for regular
recharge with fresh sediments, only become active in the windy Harmattan season.
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The AFM for the central Saharan study area was implemented in an oﬄine dust-
emission model. Compared to the run without the AFM, these simulations are
able to replicate the seasonality of observed dust events from the source regions
in the study area. This shows, how a consideration of these sources can strongly
improve the simulation of the atmospheric dust load in both the temporal and
spatial variability.
The second part of the thesis focused on a study area in Namibia. Here, an AFM
was created and implemented in the oﬄine dust-emission model. Alluvial features
here comprise a number of river catchments along the northern Namibian coast,
but also a huge salt pan, the Etosha pan, situated in northern Namibia. Dust emis-
sion from Etosha pan is highly influenced by inundation events that occur in most
years but with varying strength. The flooding of the pan was also implemented
in the dust-emission model by creating a water mask for the observed period. A
comparison of the water mask with the ENSO circulation suggests that there is a
connection between strong La Niña phases and pan inundation.
The model period covered 13 years from January 2005 to December 2017. The
hot-spots in the simulated dust flux represent the main source locations in Nam-
ibia that have been identified by previous research (e.g., Bryant, 2003; Vickery
et al., 2013; von Holdt et al., 2017). The timing and the seasonal variations of dust
activity were simulated accurately for both the coastal sources and Etosha pan
including the effects of inundation on dust activity for Etosha pan. The results of
the 13-year model period allowed for the investigation of the connection between
dust emission and climatology. Specific weather patterns were determined using
an Empirical Orthogonal Functions (EOF) analysis of the geopotential height at
850hPa. One example of a detected weather pattern that leads to increased dust
activity along the northern Namibian coast is the Berg wind situation, which has
been suggested by previous studies (e.g., von Holdt et al., 2017). A connection
between La Niña phases and increased inundation of Etosha pan leading to a
decreased dust emission flux could be detected, which has also been assumed by
previous research (e.g. Bryant, 2003). Overall, the analyses in Namibia show how
dust simulations for a larger area can be improved by including information on
alluvial dust source behaviour and how the findings can be used to connect dust
fluxes to large and small scale weather and climate patterns.
Despite these promising results, some issues occurred in the course of this thesis.
One main problem in the analysis is the lack of suitable reference data. This
applies to the missing ground truth information in both study areas. A quantitative
analysis on the accuracy of the presented AFM maps could not be performed, since
the reference data of the land surface is sparse and no field work could be performed
within the framework of this thesis. Especially in the Sahara, the political situation
makes field visits complicated and expensive. Hence, only a qualitative assessment
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of the accuracy of the AFM was performed. This qualitative analysis, however,
may not be suitable to estimate the accuracy of the results.
Reference data is not only limited for ground truthing, but also for the validation
of the model results. This is a well known problem in the dust research community.
While there exist a number of satellite products to estimate the atmospheric dust
load, e.g. by estimating the AOD, small scale and short-term events are often not
represented in these products, mainly due to temporal and/or spatial resolution
constraints. Especially to localize the sources of mineral dust, a very high temporal
resolution and suitable algorithms are required to detect the true origins of dust
plumes. Products derived from polar-orbiting satellites with one or less overpasses
per day can always only deliver snapshots of the current state of the atmosphere.
The most sophisticated satellite-based approach to detect the true sources of min-
eral dust is the use of the geostationary MSG SEVIRI Desert-Dust-RGB product,
which on the other hand is a time-consuming approach. The use of this product
becomes particularly labor-intensive in large study areas and long observation
periods. Also, the approach only allows the detection of dust plumes of a certain
size and life time. A comparison to the simulated dust flux is difficult since surface
emission fluxes do not necessarily lead to the formation of dust plumes that can be
detected by satellites. The only holistic validation of the surface flux simulated by
the model can be the use of near-surface measurements, e.g. performed by portable
wind tunnels. A comparison to data of previous or future campaigns using such
approaches could be of great benefit, here.
Future work on the topic of alluvial features and their parameterization for models
will include a further improvement in the parameterization of alluvial sediments,
e.g. by including soil moisture or soil crusts. In addition, more accurate valida-
tion techniques need to be taken into account. A validation of the model results
using ground based LIDAR measurements is already planned for the Namibian
model simulations. All datasets used in this study are available globally and the
approaches are applicable to all desert regions. By using the specifications de-
termined in this thesis, dust emission fluxes of other regional studies, but also on
continental or even global scales can be simulated. The step from the simulation
of surface fluxes to 3D-dust modelling including transport in the atmosphere and
deposition of dust particles is small and can be performed using the developed
parameterizations.
The regional studies presented here show the importance of alluvial features for
the atmospheric dust load. Although they are small in size, they are abundant
in desert regions, they are strongly dust-active and have a very distinct spatio-
temporal pattern. The presented work can be seen as more than just a first step
towards the parameterization of alluvial features for models. The findings of this
study can directly be used for larger scale simulations leading to a more accurate
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estimation of source regions and to an improvement of dust-emission modelling.
With this, a better estimation of the total atmospheric dust load and its impact
on weather, climate, on ecosystems, human health and economy can be achieved.
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